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Trace elements are chemical substances which are naturally existing in the environment 
and are either essential, non-essential, or even toxic depending on the levels of 
concentrations. Essential trace elements are vital when consumed in small quantities for 
human beings, however, they cause severe malfunction with their absence. These 
essential elements if they are taken in excess, they may cause disease and even death 
in extreme conditions. Contamination of the environment with trace elements is a 
worldwide concern due to their health risks to life. The wide distribution of trace elements 
in water from various sources and applications viz. from human activities, natural sources 
and/or cycles as well as from synergetic impacts of anthropogenic factors upon nature 
are among the major causes of contamination of water bodies. Industrialization is at the 
boosting stage when considering developing countries, including Ethiopia. Thus, 
improper management of industrial wastes and open surface disposal of domestic wastes 
in cities and towns of developing countries have caused tremendous impacts on the 
environment. Comparably, natural sources are the potential contamination basis of 
surface and groundwater for trace elements. Occurrence of elevated arsenic and fluoride 
levels in association with other potentially toxic geochemical anomalies in the main rift 
valley areas is among the exemplary natural pollution of groundwater and surface water 
sources. Trace elements such as arsenic, cadmium, and chromium are included in the 
priority list of pollutants which can pose a range of threats to the environment. Thus, 
nowadays, authorities and organizations set stringent discharge limits and water quality 
standards to achieve a green economic growth. 
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A number of technologies have been developed for the removal of trace elements from 
water/wastewater. In the current study, adsorption which is a highly effective especially 
for low concentrations of contaminants was evaluated to remove trace elements. In 
addition, freeze desalination which works well for the removal of wide ranges of 
concentrations of ions was considered, foreseeing integration of freezing and adsorption 
into a hybrid process. Following a general introduction in chapter one, freeze desalination 
is explored as a means to remove chromium (VI) and fluoride (chapter two and three). In 
the proceeding chapters (chapter four to seven), quartz and zeolite tuffs were evaluated 
as adsorbents for arsenic (chapter four & five), cadmium (chapter six), and chromium (VI) 
(chapter seven) in batch mode, optimizing the different operational parameters. 
Furthermore, the last sections (chapter eight) discussed the integration of all aspects of 
the thesis, and chapter nine presents conclusion and future prospects. The thesis 
comprises a concise discussion on water treatment using two main desalination methods: 













In most developing countries including Ethiopia, conventional water treatment processes 
are most often targeted to microbial pollution reduction and enhancing the aesthetic 
values of water. These water treatment technologies are believed to be ineffective in 
reducing chemical substances. In addition, several chemical treatment technologies for 
trace elements including precipitation and coagulation are facing lots of challenges in 
practical applications. Consequently, the selection of water treatment techniques 
according to local needs and prevailing conditions is vital. This is because each 
technology can’t offer adequate technological feasibility at global scale. Nowadays, 
considerable attention has been directed towards adsorption with the application of 
naturally occurring and abundantly available adsorbents as replacement for high cost 
synthetic adsorbents. It can be also noted that a wise selection of adsorbents to meet 
high capacity and required applicability is crucial.  
Natural quartz and zeolitic tuffs are among these materials which are abundantly found 
and can be exploited at low cost. Moreover, in this thesis, freeze desalination is explored 
as a technique to remove trace elements from water when the concentration of these 
trace elements is relatively higher. Essentially, freezing-melting technology is applicable 
for relatively high concentrations of soluble pollutants, where it is commonly applied for 





Accordingly, the main objectives of the thesis were to explore the efficiency of freeze 
desalination for Cr(VI) and F- removal from water, and to evaluate the adsorption 
capacities of quartz and zeolitic tuffs for As(III & V), Cd(II), and Cr(VI) in batch 
experiments.  
During freeze desalination, operational parameters like initial concentration, freeze 
duration, fraction of ice volume, multi-ion existence, and energy consumption were 
evaluated in relation to the quality of ice produced. The results depicted that the removal 
of Cr(VI) ranged from 57.4 to 80% for simulated tap water and from 93 to 97% for aqueous 
solutions of 5 mg/L Cr(VI). It was also found that nearly 48% and 62% freeze separation 
of F- was achieved from tap water and deionised water spiked with 10 mg/L F-, 
respectively. A total water recovery of 76 to 90% was obtained for the respective 
aforementioned removal efficiencies of both ions. The results showed that freeze 
desalination can be a potential technique for Cr(VI) and F- removal at point sources.  
In the adsorption study, naturally occurring pyroclastic materials such as quartz rich tuffs 
(Qz), stellerite tuffs (STL), and stilbite tuff (STI) were used as adsorbents. Maximum 
adsorption capacities of 0.42 and 0.23 g/kg for As(V), and 0.316 and 0.294 g/kg for As(III) 
were observed for Qz and STL, respectively. Moreover, Qz was studied for the removal 
of Cr(VI) in a batch experiment. The result was found to be highly pH-dependent, enabling 
high efficiency at lower pH values (pH < 3.00). The predicted monolayer adsorption 
capacity of Qz at optimal conditions (temperature 298.15 K, contact time 24 h, dose of 
Qz 20 g/L, pH 3.00, and 200 rpm shaking speed) was observed to be 0.167 g/kg of Cr(VI). 
In addition, a separate set of adsorption experiments was performed using natural stilbite 
tuff (STI) for cadmium removal from aqueous solutions, providing adsorption capacity of 
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0.609 g/kg at optimal parameters of 298.15 K, pH 5.00, dose 16 g/L, and contact time 2 
h. Thus, this work showed the promising nature of natural quartz and zeolitic tuffs to 
effectively remove As, Cd, and Cr from water. 
In this thesis, both methods-freeze desalination and adsorption- were studied separately 
with the ultimate goal of combining freeze desalination with adsorption for 
water/wastewater treatments. In principle, the two methods work differently, however, 
they could be integrated and utilized for a better production of high-quality fresh water 
from relatively high concentrated and/or saline waters. Such linkage is essential because 
freeze desalination could work particularly well for wide ranges of concentrations of ions, 
whereas adsorption is effective for lower concentrations of ions and is more influenced 
by co-occurring ions. It is predicted that an integrated, freeze desalination - adsorption 





In de meeste ontwikkelingslanden, inclusief Ethiopië, zijn vele natuurlijke waters en 
afvalwaters verontreinigd met toxische elementen, zoals As, Cr, Cd en F. Conventionele 
waterbehandelingsprocessen zijn meestal gericht op reductie van microbiële pollutie en 
verbetering van de esthetische waarde van het water. Deze 
waterbehandelingstechnologieën worden verondersteld ineffectief te zijn voor reductie 
van de concentraties van chemische substanties. Bovendien worden verschillende 
chemische behandelingstechnologieën voor sporenelementen, inclusief precipitatie en 
coagulatie, geconfronteerd met tal van praktische uitdagingen. Selectie van de 
waterbehandelingstechnieken met inachtname van de lokale noden en heersende 
condities is hierbij vitaal. Tegenwoordig gaat veel aandacht naar adsorptie gebruik 
makend van natuurlijk aanwezige, ruim beschikbare adsorbenten ter vervanging van dure 
synthetische adsorbentia. Natuurlijke kwarts en zeoliet tufstenen werden in deze thesis 
bestudeerd gezien ze vallen in deze categorie van materialen die ruim beschikbaar zijn 
in Ethiopië en geëxploiteerd kunnen worden tegen lage kost. Gezien adsorptie in het 
bijzonder interessant is voor verwijdering van lage concentraties aan sporenelementen 
uit water en beïnvloed kan worden door ionen die er ook aanwezig zijn, wordt ontzouten 
door uitvriezen tevens geëxploreerd als een techniek om hogere concentraties te 
verwijderen, ook in aanwezigheid van andere ionen. Zulke technologie wordt typisch 
gebruikt voor ontzilting van zoute waters.  
Bijgevolg waren de voornaamste objectieven van deze thesis het exploreren van de 
efficiëntie van ontzilting door uitvriezen ter verwijdering van Cr(VI) en F- uit water en het 
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evalueren van de adsorptiecapaciteit van kwarts en zeoliet tufstenen voor As(III & V), 
Cd(II) en Cr(VI) in batchexperimenten. Tijdens de ontzilting door uitvriezen werden 
operationele parameters zoals initiële concentratie, vriesduur, fractie van het ijsvolume, 
aanwezigheid van meerdere ionen, en energieconsumptie geëvalueerd in relatie tot de 
kwaliteit van het geproduceerde ijs. De Cr(VI) verwijdering varieerde van 57 tot 80% voor 
gesimuleerd kraantjeswater en van 93 tot 97% voor waterige oplossingen die enkel 5 
mg/L Cr(VI) bevatten. Er werd tevens waargenomen dat respectievelijk ongeveer 48% en 
62% afscheiding van F- werd bereikt uit kraantjeswater en gedeïoniseerd water waaraan 
10 mg/L F- werd toegevoegd. Een totale waterrecuperatie van 85 tot 90% werd bereikt 
met de bovenvermelde verwijderingsefficiënties voor beide ionen. De resultaten 
illustreren dat onzilting door uitvriezen een potentieel effectieve techniek kan zijn voor de 
verwijdering van Cr(VI) en F- bij puntbronnen.  
In de adsorptiestudie werden natuurlijk voorkomende pyroclastische materialen, zoals 
kwartsrijke tufstenen (Qz), stelleriet (STL) tufstenen en stilbiet tufsteen (STI), gebruikt als 
adsorbentia. Maximale adsorptiecapaciteiten van 0.42 en 0.23 g/kg voor As(V), en 0.316 
en 0.294 g/kg voor As(III) werden waargenomen voor respectievelijk Qz en STL. 
Bovendien werd Qz bestudeerd voor verwijdering van Cr(VI) in een batch experiment, 
welke sterk pH-afhankelijk bleek te zijn, met hogere efficiëntie bij lagere pH waarden (pH 
< 3.00). De voorspelde monolaag adsorptiecapaciteit van Qz onder optimale condities 
(temperatuur 298.15 K, contacttijd 24 h, dosis van Qz 20 g/L, pH 3.00, en 200 rpm 
schudsnelheid) was 0.167 g/kg Cr(VI). Bovendien werd een afzonderlijke set adsorptie-
experimenten uitgevoerd met natuurlijke stilbiet tufsteen (STI) voor cadmiumverwijdering 
uit waterige oplossingen. Dit leverde een adsorptiecapaciteit van 0.609 g/kg bij optimale 
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condities van 298.15 K, pH 5.00, dosis 16 g/L, en contacttijd 2 h. Dit werk illustreert 
zodoende de veelbelovende aard van natuurlijke kwarts en zeoliet tufstenen voor 
effectieve verwijdering van As, Cd, en Cr uit water. 
In deze thesis werden beide technologieën – ontzilting door uitvriezen en adsorptie – 
afzonderlijk bestudeerd met als ultieme doel het potentieel om beide technologieën in 
(afval)waterzuiveringsprocessen te combineren. In de toekomst kunnen ze geïntegreerd 
worden in een hybride “point of use” waterbehandelingsproces, dat moet toelaten 
hoogkwalitatief zoet water te produceren uit zwaar verontreinigde en/of zoute waters. 
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Chapter One: General introduction 
1.1 Introduction 
Drinking water quality deterioration is a big challenge these days due to population 
growth and accelerated industrialization. A number of human factors such as domestic 
wastewater discharge, poor urban planning, illegal waste disposal, agricultural runoff 
(from fertilizers and pesticides), lack of infrastructure for water/wastewater treatment, 
and limited sewer connections have resulted in the generation of polluted waters 
containing a number of contaminants, e.g., trace elements of environmental concern. 
Such conditions have become common in most developing countries, including 
Ethiopia (Edokpayi et al. 2017; Mafuta et al. 2011). Trace elements are discharged 
into water bodies due to leakages of wastewater into surface and ground water with 
minimal or no treatment (Chalchisa et al. 2017; Geissen et al. 2015). Recently, 
industries in Ethiopia are rapidly expanding. However, waste effluents are little treated 
due to lack of treatment facilities or improper wastewater treatments. For example, 
there are about thirty three leather tanneries in different regions of Ethiopia, of which 
ten are located in the Ethiopian rift valley region. All are based on chrome tanning but 
none of them have treatment facilities for removal of chromium compounds from the 
wastewater. Consequently, a wide variety of water sources are receiving increasing 
amounts of illegal discharges from industries and households, deteriorating the water 
quality (Akele et al. 2016; Edokpayi et al. 2017; Getaneh et al. 2014; Melaku et al. 
2007; Teju et al. 2012).  
In addition to human action, water quality can be impacted by natural factors and 
processes, such as composition of parent rocks and hydrologic conditions, weather 
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and climate changes, and volcanic activities. Arsenic, fluoride, and other potentially 
toxic trace elements are widely detected in groundwater supplies above WHO 
guideline values, mainly from geogenic origin (Amini et al. 2008; Bibi et al. 2017; 
Kebede et al. 2010; Rango et al. 2013, 2012).  Although such chemical contamination 
is common in groundwater, the main source of water supply for most African people, 
i.e. approximately 75% of the population, is groundwater (PACN 2010). It has been 
estimated that the volume of groundwater available is hundred times higher than the 
annual renewable freshwater supplies found on Africa (MacDonald et al. 2012; 
Rossiter et al. 2010). 
Pollution of water bodies by trace elements is overseen in developing countries, 
including Ethiopia. This can be attributed to the fact that in one case conventional 
water treatment systems are mainly focused on enhancing the aesthetic value with no 
attempt for tertiary treatments. Secondly, bottled waters have no specifications for 
most of the trace elements. Thirdly, law-enforcements are less likely for solid and liquid 
waste handling. However, trace elements such as arsenic, cadmium, chromium, and 
others are evidenced to cause severe human health effects. Longer exposure to water 
sources polluted with trace elements causes several diseases, including different 
types of cancers.  
To deal with these issues, several advanced water treatment technologies are readily 
available such as membrane, adsorption and ion-exchange, and thermal treatments. 
Most of those technologies are facing challenges for practical use, especially in 
developing countries, mainly due to cost affordability, energy efficiency, facility and 
technical challenges. Conventional coagulation-flocculation processes using 
coagulants such as aluminum sulphate, ferric chloride, and ferric sulphate have been 
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used with many drawbacks. In rural areas of Ethiopia, Point of Use (PoU) water 
treatment can be considered to treat water for drinking purposes. A few technologies 
exist which can be used at home level such as liquid chlorine addition, chlorine powder 
application, Bishan Gari, Wuha Agar, slow sand filtration, Waryt filtration, Aquatabs, 
biosand filtration, Korean King (Henk Holtslag, 2014), and solar disinfection. Most of 
those methods are intended to reduce bacteriological contaminants and exhibit only 
minimal trace element removal. In this regard, alternatives should be found which can 
alleviate the prevailing problems.  
Adsorption technologies using various natural, modified, and synthetic adsorbents 
were found promising for the removal of trace elements (Chai et al. 2013; Dou et al. 
2012; Gai et al. 2015; Karmakar et al. 2016; Mohapatra et al. 2009; Tor 2006; Wu et 
al. 2007). However, applicability of most of these adsorbents is limited either due to 
lack of socio-cultural acceptance, religious restriction, secondary pollutant generation, 
ineffectiveness, and high costs. Thus, the development of easily applicable and 
efficient adsorbents is vital to reach especially rural affected populations. In general, 
the technical applicability, plant type and cost-effectiveness are the major elements to 
be considered when selecting the most suitable water/wastewater treatment 
technology. Therefore, the present thesis evaluated quartz and zeolitic tuffs which are 
locally available in Ethiopia, and other rural areas throughout the world as adsorbents 
for trace elements. Furthermore, as freezers are also widely available, freeze 
desalination was evaluated as a potential technique to remove higher concentrations 
of trace elements from water at point of use (i.e. at home level) or in segregated 
centralised facilities. The removal of arsenic, cadmium, chromium and fluoride was 
studied, due to As and F concentrations from geogenic origin exceeding the WHO 
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limits in the Ethiopian rift valley region, and Cr and Cd being reported to be often 
present in Ethiopian wastewaters, mainly from anthropogenic sources.  
1.2 Literature review 
Trace elements (TEs) are elements that occur in the natural environment at an 
average concentration of less than 100 mg/kg in minerals/soils (Hooda 2010). Some 
trace elements are essential (e.g., Co, Cu, Mn, Se, and Zn) for the proper functioning 
of living organisms but are toxic or aesthetically undesirable at high concentrations. 
Other trace elements (e.g., Cd, Pb, and Hg) are non-essential and even toxic at 
relatively low concentrations (Järup et al. 2000; Järup 2003; Violante et al. 2008). 
Contamination of water with trace elements is of great concern because of their 
associated health risks. They have a tendency for bioaccumulation and bio-
magnification, and a persistent nature. Trace elements such as As, Cd, and Cr are 
classified in the priority list of toxic substances that are of public health concern 
(ATSDR 2015).  
An inventory in 2012 showed an annual emission from primary anthropogenic sources 
of 2.529×106, 5.269×105, and 7.834×106 kg/year in China for As, Cd, and Cr , 
respectively (Tian et al. 2015). Trace elements are deposited from a range of major 
emission sources, e.g., from metal industries, non-ferrous metal production, leather 
industries, combustion of fuels, and waste disposal, which led to a wide distribution in 
the environment, causing toxicity concerns for human health and the environment 
(Cheng et al. 2014; Tian et al. 2015).  
Geogenic sources are another major factor contributing to trace element 
contamination of drinking water. Weathering of parent materials, erosion, bedrock 
stettings, and volcanic eruptions contribute significant amounts of pollution to water 
5 
 
systems (Lilli et al. 2015; Elumalai et al. 2017). Elevated concentrations of arsenic and 
fluoride in groundwater and surface water, most often from geogenic sources, become 
a global concern. Over 300 million people worldwide rely on groundwater 
contaminated with arsenic or fluoride for drinking purposes (EAWAG 2016). Particular 
examples of arsenic threatening occur in Asian countries, e.g., Bangladesh, parts of 
India, and China (Unicef 2013). Likewise, fluoride is widely distributed throughout the 
earth's crust. For instance, about 8 million inhabitants in the Main Ethiopian Rift (MER) 
valley rely for drinking water on fluoride contaminated groundwater (Amini et al. 2008). 







Fig. 1.1. Global probability of geogenic arsenic and fluoride contamination in 
groundwater: (a) fluoride, and (b) arsenic (Amini et al. 2008). 
1.2.1 Trace element contamination in Ethiopia 
The occurrence of trace elements in the environment is not merely limited to 
industrialized countries. In developing countries like Ethiopia, for instance, literature 
points towards contamination of water systems with trace elements and inadequacy 
of waste management strategies (Alemayehu 2001; Zinabu & Pearce 2003). Although 
there are no complete and integrated studies on the amount of trace elements in water, 
soil, and biota of Ethiopia, fragmented reports showed that the concentration of trace 
elements in drinking water surpassed the maximum contamination limit (MCL) set by 
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WHO (Abraha and Mulugeta 2009; Itanna 2002; Mengistie et al. 2016). According to 
Merola et al. (2014), about 53% of the drinking water sources in the Main Ethiopian 
Rift (MER) areas show arsenic levels above the WHO MCL, i.e. 0.01 mg/L (Merola et 
al. 2014). Moreover, the levels of trace elements viz. Cd and Cr at irrigation and 
dumping sites as well as nearby open lands of Addis Ababa were found higher than 
concentrations that are expected in soil (Beyene and Banerjee 2011). Furthermore, 
chemicals used in leather tanning processes and textile industries (e.g., chromium 
compounds) near the capital and in other towns of Ethiopia were reported to have 
been released into the environment, inducing negative effects (Alemayehu 2001; 
Owlad et al. 2009).  
Not all of the trace element pollution observed in Ethiopia should be attributed to 
anthropogenic activities, as elevated trace element concentrations from natural origin 
are also very common in different regions of Ethiopia. Groundwater of the Main 
Ethiopian Rift (MER) valley naturally contain elevated amounts of arsenic and fluoride 
above the WHO drinking water guideline value. However, inhabitants of this area 
depend on groundwater, wells and springs for their drinking water (Rango et al. 2013; 
WHO 2011). Table 1.2 summarizes some of the recent available data on arsenic and 
fluoride in Ethiopia, most often expected to be from geogenic origin. 
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Table 1.2. Arsenic and fluoride levels on different sites in Ethiopia  
Trace 
element 
Level (mg/L) Sample origin Location Reference 
As 0.0006-0.190 Ground water wells Ziway-Shala basin (Rango et al. 2013) 
 >0.01 Drinking water 
samples 
Rift Valley              (Reimann et al. 
2003) 
 >0.01 53% of total wells  Rift Valley (Merola et al. 2014) 
F 
 
2.5-14  Borehole Wonji-Shoa  estate (Tekle-Haimanot et 
al. 2006) 
2.5 -6.2  Borehole Metahara estate (Tekle-Haimanot et 
al. 2006) 
1.1-68  groundwater wells Ziway-Shala basin  (Rango et al. 2012) 
1.06-61.6 Ground water wells Ziway-Shala basin (Rango et al. 2013) 
 
1.2.2 Environmental fate and effects of Cd, Cr, As and F 
The environmental fate of trace elements depends on the chemical species that exist 
in the environment, which in turn is influenced by various factors including pH, 
dissolved oxygen, temperature, and redox potential. These factors influence mobility, 
solubility, bioavailability, and speciation changes (Even et al. 2017; Olaniran et al. 
2013; Violante et al. 2010). Trace elements exist in various oxidation states, for 
example, Cr is found commonly as Cr(III) and Cr(VI) in aquatic system. They can also 
be found as soluble complexes with organic or inorganic compounds (Shrivastava et 
al. 2002). In river systems, Cr(III) hydroxide precipitation may occur and its removal 
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could be due to adsorption to solid particles followed by coagulation and sedimentation 
of the particles. 
Cadmium has been widely distributed into surface environment mainly from human 
activities. It also occurs naturally in association with Cd containing minerals (McGeer 
et al. 2011). Atmospheric cadmium compounds can be associated with airborne 
particles and can move to long distances. It can be deposited onto the earth by the 
rain or wind. Once cadmium is introduced into water or in the soil, it could be taken up 
through the food chain (ATSDR 2000). Several spatiotemporal factors affect the fate 
of cadmium in soils, which could influence the uptake of cadmium by plants (Ingwersen 
and Streck 2006).  
As is found in different oxidation states, such as As(-III), As(0), As(III), and As(V), in 
nature, of which As(III) and As(V) being the dominant species in natural waters 
(Hughes 2002). The major occurrence of arsenic in the environment is primarily 
influenced by several biogeochemical conditions such as the redox potential, pH, and 
the rate of interactions of arsenic containing minerals with water etc. The most 
common cause of As concentrations exceeding 0.01 mg/L in the water phase is the 
bacterially mediated reductive dissolution of MnOOH and FeOOH. The release of As 
from iron oxide/hydroxide minerals under favorable conditions is probably an important 
mechanism for As leakage into the groundwater from sediments (Baviskar et al. 2015). 
Amorphous Al, Mn, and Fe (hydr)oxides possess roles in adsorption/desorption that 
could influence the transport of As (Mukherjee et al. 2008).  
Geogenic contamination of groundwater with fluoride is common worldwide. It was 
shown that the existence of F in the volcanic MER system occurred in highly alkaline 
conditions (pH >8), in presence of high concentrations of sodium (Na+), bicarbonate 
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(HCO3−), and low concentrations of calcium (Ca2+) (Rango et al. 2012). Eventually, 
elevated concentrations of fluoride in water are common when conditions favor the 
dissolution of fluoride containing minerals.  
1.2.3 Health effects of As, Cd, Cr, and F and mechanism of action 
Toxicity of trace elements depends on several factors including the route and duration 
of exposure, dose and chemical species, gender, genetics, as well as age and 
nutritional status (Jaishankar et al. 2014; Tchounwou et al. 2012). Epidemiological 
evidences showed a strong association between contamination of drinking water and 
health effects of trace elements (Amaral et al. 2012; Barati et al. 2010). For instance, 
association of inorganic arsenic exposure through drinking water intake and mortality 
has been observed in literature (Dauphiné et al. 2011). It has been indicated that 
tannery and textile effluents in Ethiopia have induced negative impacts on nearby 
communities and animals (Alemayehu 2001; Kibret and Tulu 2014). 
1.2.3.1 Arsenic 
Arsenic (As) is one of the most toxic trace elements causing acute and chronic adverse 
health effects. Inorganic forms of arsenic are more toxic than organic counterparts. 
Arsenic levels in blood, hair, urine, and nails have been used as indicators for arsenic 
exposure. Epidemiological studies confirmed that As causes a range of health 
problems, including cancer (Jomova et al. 2011; Saint-Jacques et al. 2014). Most 
arsenic toxicity is based on DNA multiplication being rendered, and/or due to metabolic 
reduction of arsenate into a trivalent state and oxidative methylation to a pentavalent 
state (Obinaju 2009). Figure 1.2 explains the proposed metabolism of arsenic (Jomova 




Fig. 1.2. Proposed metabolism of arsenic (Jomova et al. 2011) 
The actual mechanism of action of arsenic toxicity is not well-known. However, several 
mechanisms acting sequentially or synergistically have been proposed. The formation 
of reactive oxygen species, damage to cellular macromolecules, and interaction of 
reactive arsenic species with cellular macromolecules are among the proposed 
mechanisms of arsenic intoxication (Hughes 2002). Epigenetic changes are becoming 
an advanced hypothesis for arsenic toxicity (Huang et al. 2004). Another mechanism 
of As(V) toxicity may be the replacement of phosphate by arsenate in several 
reactions. As(III) acts either by methylation or reaction with proteins having thiol 




Cadmium is a trace element of occupational and environmental health concern. Long-
term exposure to Cd can cause various health hazards such as kidney dysfunction, 
bone and pulmonary system damages (Godt et al. 2006; Michael 2000). Cd has been 
reported as carcinogenic in humans, plausibly caused by effects on DNA repair, 
generation of reactive oxygen species, damaging of glutathione, sulfhydryl 
functionalities from proteins, and induction of apoptosis (Navas-Acien et al. 2004; Rani 
et al. 2014). Cd is found in association with Cu, Pb, and Zn in mineral ores. The co-
occurrence of Cd with Zn in humans would reduce the toxic effects of Cd due to the 
replacement of Cd by Zn in the metal ion cofactor, showing antagonistic effects in 
humans. Cd was found to change the epigenetic signs in DNA of placental cells and 
the fetus (Braga et al. 2015; Brodziak-Dopierała et al. 2015). 
1.2.3.3 Chromium 
Chromium is a naturally occurring trace element. Cr in water is found in two oxidation 
states. Cr(III) is a co-factor having an important role in the insulin metabolism, but 
Cr(VI) is highly toxic. Cr(VI) compounds have been proposed to cause molecular 
damage due to extracellular and intracellular reduction of Cr(VI) to Cr(III), and 
intermediates (Dayan and Paine 2001). In general, formation of reactive species, 
oxidative stress, and tissue damage were concluded to be causes of genotoxicity, 
cytotoxicity, and carcinogenicity of Cr(VI) compounds (Shrivastava et al. 2002; Witt et 
al. 2013). Cr(VI) has long been known as human and animal carcinogen. One or more 
of the Cr intermediates (Cr(VI)-Cr(III)) bind to human DNA and cause DNA mutation, 




Fig. 1.3. Schematic presentation of proposed mechanism of Cr(VI) toxicity  
1.2.3.4 Fluoride 
Fluoride has an important role in bone mineralization and formation of dental enamels. 
When the level of fluoride in drinking water is small (less than 0.5 mg/L), it fails to 
prevent dental caries. Fluoride concentration of 0.5 to 1.5 mg/L in drinking water is 
considered to be beneficial in preventing dental caries. However, when the fluoride 
level in drinking water is above 1.5 mg/L, it induces a negative health impact, causing 
dental fluorosis, browning and mottling of teeth (WHO 2006). Dental fluorosis is 
dependent on the summative intake from all sources and the duration of fluoride 
exposure rather than concentrations from either of the specific sources (Kurdi 2016). 
Prolonged exposure to fluoride concentrations in drinking water from 4 to 10 mg/L and 





1.3 Technologies for removal of trace elements from water  
Various conventional and advanced technologies have been developed to remove 
trace elements from (waste)water. Common methods for trace element removal from 
water at point of use, entry, and exit systems include precipitation, membrane filtration, 
ion exchange, thermal desalination processes, and adsorption (Brbooti et al. 2011; 
Erdem et al. 2004; Fu & Wang 2011; Maximous et al. 2010). Membrane processes 
account for about 63.7% of entire global water desalination capacity whereas about 
34.2% of the desalination is obtained by thermal processes (Ghaffour et al. 2013). 
Costs for thermal desalination are higher when compared to membrane technologies, 
consuming e.g. 2-3 fold the energy of reverse osmosis (Ettouney and Wilf 2009). 
Removal by membrane technologies can be enhanced by the use of micelles and 
polymers. Adsorption is found promising relative to other techniques. Various 
adsorbents have been tested and found effective in trace element removal, with 
activated carbon produced from several carbon materials being the most efficient, 
although they are costly (Agarwal and Renu 2017; Fu and Wang 2011).  
1.3.1 Precipitation and coagulation-flocculation methods 
Chemical precipitation is the process that involves reactions to produce insoluble or 
sparingly soluble precipitates. Precipitates can be separated by sedimentation or 
filtration. The chemical precipitation processes used for trace element removal include 
hydroxide precipitation and sulfide precipitation. The solubility of various trace element 
hydroxides is minimized as the pH of the solution reaches more basic conditions (Fu 
and Wang 2011). In conventional water treatment processes, the use of lime 
precipitation has been proven to be effective for metal ion removal, especially when 
the concentration of metals exceed 1000 mg/L. Some trace elements require 
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speciation changes to be removed through precipitation. For instance, Cr(VI) has to 
be converted to Cr(III) using reducing agents like ferrous sulfate to form a precipitate 
in basic media. Chemical reactions involved in hydroxide and sulfide precipitation are 
given below (Eq. 1.1-1.3). 
Ca(OH)2 + M+n ↔ M(OH)n(s)↓ + Ca+2(aq)                                                               (1.1) 
FeS(s) + 2H+ ↔ H2S(g) + Fe+2(aq)                                                                         (1.2) 
M+2(aq) + H2S(g) ↔ MS(s)↓+ 2H+                                                                          (1.3) 
Where M is the metal while n is the coefficient, depending on the oxidation state.  
Coagulation-flocculation processes are well known pre-treatment processes for 
wastewater, which are coupled to sedimentation and/or filtration. Coagulation is the 
destabilization process of colloids, which neutralizes the forces that keep the colloids 
apart. Many coagulants such as aluminum sulfate, ferrous sulfate, ferric chloride, and 
organic polymers are widely used in conventional wastewater treatment. Flocculation 
is a means to further enhance separation processes in water purification, where 
polymers form bridges between individual flocs, resulting in large agglomerates. 
Polyaluminum chloride, polyferric sulfate, and polyacrylamide are among commonly 
utilized flocculants in wastewater treatment (Pang et al. 2009).  
Hydroxide precipitation is subject to some limitations, including:  
a) generation of large volumes of sludge, coinciding with dewatering and disposal 
problems; 
b) amphoteric nature of some metal hydroxides; as a result, the ideal pH for 
precipitation of one metal may drive another metal back into solution; 
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c) presence of complexing agents in water/wastewater, which could inhibit metal 
hydroxide precipitate formation.  
Sulfide precipitation seems to possess important advantages over hydroxide 
precipitation. The solubility of metal sulfides is by far lower than that of hydroxide 
precipitates, and sulfide precipitates are not amphoteric in nature. Sludge produced 
from metal sulfides exhibits better thickening and dewatering characteristics than 
sludge produced from the corresponding metal hydroxide. However, sulfide 
precipitation may result in the evolution of toxic H2S fumes in acidic conditions (Fu and 
Wang 2011; Wang et al. 2005). 
1.3.2 Ion exchange 
Ion-exchange processes have been used commonly to remove ions from wastewater, 
employing ion exchangers. Ion-exchange resins, either synthetic or natural, have 
specific ability to exchange their ions with metal ions contained in the wastewater. The 
most common synthetic cation exchangers are strongly acidic resins with sulfonic acid 
groups (-SO3H) and weakly acid resins with carboxylic acid groups (-COOH). 
nR-SO3H + Mn+ → (R-SO3-)nMn+ + nH+                                                                  (1.4) 
 nR-COOH + Mn+ → (R-COO-)nMn+ + nH+                                                              (1.5) 
Where (-RSO3-) represents the anionic group attached to the ion exchange resin. M is 
the metal and n is the coefficient of the reaction equal to the magnitude of oxidation 
state of the metal ions. Several trace elements have been investigated for their 
removal using synthetic ion-exchange resins. For example, cadmium removal was 
tested in flow conditions using the ion-exchange resin Amberjet 1200H having 
sulphonate functional groups on a matrix of styrene divinylbenzene copolymers (Rohm 
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and Haas, USA). Zeolites are among the natural ion exchangers which exhibit good 
cation-exchange capacities for trace metal removal under different experimental 
conditions (Babak et al. 2013; Motsi et al. 2009).  
Anion exchange resins possessing quaternary ammonium (-N+(CH3)3) functional 
groups are important for the removal of oxyanions of chromium and arsenic. Cr(VI) 
adsorption was performed using the anion exchangers D301, D314, and D354 
(Guangzhou Mingjun Chemical Co., China), having matrixes of macroporous styrene 
divinylbenzene copolymers, macroporous crylic acid copolymers, and macroporous 
styrene divinylbenzene copolymers, respectively. These anion exchangers having 
functional groups of –N(CH3)2  showed maximum adsorption capacities of 153, 120, 
and 156 g/kg in a batch experiment, respectively. Studies on the sorption of As(V) and 
Cr(VI) using Amberlite IRA 458 and Amberlite IRA 958 (Rohm and Haas, USA), i.e. 
polyacrylate anion exchangers with strong base, quaternary ammonium functional 
groups on a crosslinked acrylic polymer matrix, also possess high maximum 
adsorption capacities of up to 59.5 g/kg (Bai and Bartkiewicz 2009; Jachuła and 
Hubicki 2013; Shi et al. 2009). 
1.3.3 Membrane filtration  
Membrane filtration technologies using a variety of membranes show great promise 
for trace metal removal. Qdais and Moussa (2004) illustrated the feasibility of reverse 
osmosis (RO) and nanofiltration (NF) technologies for the treatment of wastewater 
using synthetic wastewater containing copper and cadmium ions (Qdais and Moussa 
2004). Ultrafiltration (UF) is a membrane technique which works at low 
transmembrane pressures for the removal of dissolved and colloidal materials. To 
improve the efficiency of ultrafiltration for  metal removal, the addition of micelles and 
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polymers was introduced (Fang et al. 2008). Nanofiltration (NF) has also been 
explored for the rejection of heavy metal ions such as chromium (Das et al. 2006), 
nickel (Murthy and Chaudhari 2008), copper, cadmium, manganese, and lead (Al-
rashdi et al. 2012). Reverse osmosis (RO) is another efficient membrane desalination 
technology. It uses semipermeable membranes to remove dissolved substances such 
as ions, molecules, and larger particles. RO is one of the techniques able to remove 
a wide range of dissolved species from water, applying a pressure to overcome the 
osmotic pressure. It is a fully matured industrial scale desalination process (Peñate 
and García-Rodríguez 2012). Although membrane technologies have paramount 
importance in water purification technologies, they face challenges due to membrane 
fouling and maintenance requirements (Al-Rashdi et al. 2013). 
1.3.4 Adsorption 
The term adsorption was invented from a blend of “ad” and “sorption” in the late 19th 
century by German physicist Heinrich Kayser (1881). It can be also referred to as an 
increase in the concentration of substances at an interface upon the operation of 
surface forces (IUPAC 1997). The adsorption process is a surface phenomenon 
recognized as the most efficient, promising, and widely used approach in water 
treatment processes. Nowadays, adsorption technologies are becoming an important 
focus due to easier applicability, fast removal of pollutants, economic viability, and its 
universal character even at very dilute concentrations of contaminants (Foo and 
Hameed 2010). The development of low-cost adsorption media has led to a rapid 
growth of research interests in this field (Ali and Gupta 2006). Adsorbents are 
commonly used as spherical pellets, rods, moldings, monoliths or in any granular or 
powder forms. In general, technical applicability, capacity, selectivity, kinetics, 
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regenerability of sorbents, and cost-effectiveness are the key factors that play major 
roles in selection of the most suitable adsorbents to treat effluents containing inorganic 
compounds (Babel and Kurniawan 2003; Kurniawan et al. 2006). The adsorbent-
adsorbate affinity is an essential parameter in the adsorption process. For instance, 
alumina and iron-based adsorbents are more popular due to their high affinity for 
arsenic (III, V), being greater for As(V) (Xu et al. 2002; Mohan & Pittman 2007).  
1.3.4.1 Minerals as adsorbent 
Minerals are naturally occurring substances, either they are elements (e.g., gold (Au), 
copper (Cu) or diamond (C)) or compounds, usually solid and inorganic, which can be 
represented by a chemical formula and possess a crystal structure. Minerals are 
usually compounds e.g., quartz (SiO2), pyrite (FeS2), zeolite (Li, Na, K)a(Mg, Ca, Sr, 
Ba)d [Al(a+2d)Sin- (a+2d) O2n]. mH2O where species in square brackets represent the 
framework atoms and the part outside the square brackets are extra framework atoms, 
cations plus water molecules allowing variability (with the condition Si ≥ Al). The 
definition of minerals is under debate, especially with respect to the requirement of 
valid species being abiogenic (i.e. not produced by means of living organisms or their 
processes), and with regard to the nature of the ordered atomic structure (Wilson 
2010). According to the International Mineralogical Association (IMA), silicates are 
well-known minerals which compose over 90% of the earth’s crust. They are identified 
based on physicochemical characteristics such as differences in chemical 
composition, crystal structure, hardness and color.  
Minerals have been used in the removal of trace elements from water. Mineral based 
adsorbents include clay minerals (kaolinite, montmorillonite bentonite, and illite) (da 
Fonseca et al. 2006; Mohapatra et al. 2007; Khan and Singh 2010), iron and aluminum 
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(hydr)oxide based minerals (Aredes et al. 2012; Zhang et al. 2004), other oxides/ 
hydroxides (single, binary and tertiary) such as lanthanum hydroxide, and titanium 
dioxide (Mohan and Pittman 2007; Tang et al. 2009), and silicate minerals including 
zeolites (Baker et al. 2009; Cabrera et al. 2005; Karnib et al. 2014). A particular 
example is the use of activated alumina for arsenic and fluoride removal, which is 
widely accepted as the most effective adsorbent for the production of drinking water. 
Silicate minerals have a base unit of [SiO4]4−, a silicon cation coordinated by four 
oxygen anions, which gives the shape of a tetrahedron. Pyroxenes are an example of 
a group of silicate minerals that are closely related to each other in chemical 
composition and crystal forms. These silicate minerals contain calcium, magnesium, 
or iron, or alkali metals such as sodium and lithium. The pyroxene group minerals are 
ferromagnesium silicates that include minerals such as augite, diopside, spodumene, 
jadeite, and enstatite which are common in igneous rocks.  
1.3.4.2 Zeolitic tuffs 
Zeolite are a class of tectosilicate minerals which possess a framework of hydrated 
alumino-silicates, discovered by Swedish mineralogist Axel Fredrik Cronstedt in 1756. 
This discovery was based on heating stilbite rapidly. In Greek “zéō” means ‘to boil’ 
and “líthos” means ‘stone’. There are over 40 naturally occurring and 150 synthesized 
zeolites found so far. They are microporous (pore size < 2 nm diameter) crystalline 
materials which have important catalysis, separation, and ion-exchange properties (Yu 
and Xu 2004). The unique chemical and structural features, possession of molecular 
sieve properties, high cationic exchange capacity, and excellent flexibility to be tailored 
made these materials applicable in water treatment processes. Several varieties of 
synthetic zeolites that have multiple applications also exist, e.g., zeolite A. In zeolite 
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A, the Si/Al ratio is near to unity (Youssef et al. 2008). Fig. 1.4. shows granules of 
commercially available activated alumina (a) and the molecular structure of 
commercial zeolite A (b). 
                                    
Fig. 1.4. a) Granules of commercial activated alumina (Al2O3) from R-Tech Systems 
& Services Manufacturer, and b) the microporous molecular structure of a 
zeolite, ZSM (https://en.wikipedia.org/wiki/Zeolite, accessed on December 12, 
2016). 
Various natural zeolites are also found throughout the world showing variability from 
one location to another. Among countries with such zeolite reserves are the United 
States of America, South Africa (Henshilwood et al. 2004), Greece (Stamatakis et al. 
1996), and Ethiopia (Tadesse 2009). The occurrence of several million tonnes of high-
grade zeolite deposits (mordenite and clinoptilolite) were reported near Nazret and 
Boru, Ethiopia. Literature search and field experience indicated that natural zeolites 
are also found in other parts of Ethiopia, such as nearby Gondar, Hashengie, and 
Alagie areas (Gómez-Hortigüela et al. 2013). Samples of zeolites for adsorption 
experiments in this work were obtained from Hashengie (as shown in Fig. 1.5). 
Zeolites are currently used for several applications, such as trace metal removal (e.g., 
zeolite powder from Akshar Exim Company Private Limited, West Bengal, India) and 






Fig. 1.5. Zeolite samples at Hashengie, Ethiopia (photo taken during sample 
collection in 2013). 
1.3.5 Freeze desalination  
The major amount of water on the earth’s surface, covering about 97.5% of the total 
water reserves, is salt water which cannot be used without further treatment. Only 
2.5% of the world’s water volume is fresh water. Most of this fresh water (69.5%) is 
found in glaciers, snow, and permafrost forms. Freeze desalination is a process that 
can get rid of dissolved salts (including but not limited to salts) by cooling so as to 
produce ice from water. Ice is a solid state of water, obtained by freezing liquid or 
vapor forms of water. As ice is a naturally occurring and crystalline inorganic solid 
substance that has an ordered structure, it is considered as a mineral although it is 
unstable at room temperature. Most often the physical properties of water and ice are 
controlled by the formation of hydrogen bonding between adjacent oxygen and 
hydrogen atoms, which is a property of pure water.  
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Historically, the idea of obtaining fresh water by applying freezing-melting process was 
first reported in the 17th century. Theoretically, the tendency to produce fresh water 
from ice is based on the fact that ice is mainly produced from pure water, rejecting 
most other compounds from the interface due to the small dimensions of the ice crystal 
lattice. Accordingly, freezing phenomena have been noticed as being effective to 
remove various organic compounds (e.g., pharmaceuticals) and inorganic impurities 
from water even at higher concentrations of pollutants (Gao and Shao 2009; Lemmer 
et al. 2001). Freeze desalination, i.e. desalting using freezing, could save about 70% 
of the energy required by conventional heating (evaporation-condensation) processes, 
due to the latent heat of freezing being low compared to the latent heat of evaporation. 
Moreover, application of natural freezing, use of cold energy from regasification of 
liquefied natural gas, and the use of hydraulic refrigerant compressors are among the 
alternative energy-efficient freeze desalination approaches. It was reported that 
compression work is a major cost parameter in freezing, and the use of renewable 
resources for electricity production might make the technology cost efficient. Freeze 
desalination has been well documented for the removal of salts (from seawater, 
oceans, brackish water, and synthetic wastewater) and one or more soluble pollutants 
from (waste)waters (Badawy 2015; Chang et al. 2016; Jiang et al. 2015; Lorain et al. 
2001). Freeze desalination possesses a range of removal efficiencies based on 
different factors such as feed water quality, freeze temperature, freeze duration, 
washing steps and others, however, it was found to reject salts up to more than 99% 
(Ahmad et al. 2017; Yang et al. 2017; Zvinowanda et al. 2014). Freeze desalination 
as a method for separation of pollutants is influenced by several factors such as 
freezing temperature, feed water quality, freezing rate, solution concentration, and 
surface roughness of the area of freezing container (Luo et al. 2010; Williams et al. 
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2013). Freeze desalination has several advantages, including non-selectiveness in the 
removal of pollutants and insensitivity to fouling. Although freeze desalination 
possesses enormous advantages, only lab- and pilot-scale studies have been 
conducted so far. Large-scale application of freezing-melting processes have been 
limited due to the dominance of more traditional thermal and membrane technologies 
(Williams et al. 2015). Although the mechanisms underlying salt (brine) rejection from 
seawater and oceans, brackish water, and wastewater using freezing-melting are 
understood, the effectiveness of freeze desalination for removal of individual trace 
elements like Cr and F remains unclear.  
1.3.6 Hybrid methods 
Hybrid technologies are given due attention nowadays to improve efficiency and 
economy of processes, and to meet specific conditions. For example, when coupling 
use of freezing and reverse osmosis (RO), it was found that about one quarter of the 
energy consumed is saved compared to the use of conventional RO alone (Baayyad 
et al. 2014). In a study conducted to assess the validity of freeze desalination for 
drinking water production, saline water treatment using a hybrid system combining 
reverse osmosis with freezing showed an increase (by nearly 400%) in the production 
of fresh water compared to the use of RO alone (Ahmad et al. 2017). A hybrid process 
comprising of MSF-RO also reported high water recovery and lower energy costs 
(0.9703 $/m3) (Bandi et al. 2016). Keerthi et al. (2013) evaluated the performance of 
electrocoagulation, followed by microfiltration for synthetic wastewater containing 
Zn2+, Ni2+, and Cd2+ ions and found successful removal (99%) of the studied metal 
ions. Electrocoagulation can be used as a pre-treatment for membrane processes, as 
the particles are coagulated resulting in the reduction of fouling (Keerthi et al. 2013). 
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The use of renewable energy sources in hybrid solar membrane distiller and solar-
wind power in a small size reverse osmosis desalination unit were found effective, 
indicating the promising nature of hybrid desalination technologies (Mousa et al. 2013; 
Murase et al. 2013). 
1.4 Research questions  
In rural parts of Ethiopia, groundwater from wells, springs, and boreholes, and surface 
waters are used for consumption after minimal or no treatment. However, trace 
element contamination of these waters was documented in literature. In waters of the 
Ethiopian rift valley region, arsenic (recorded as high as 0.190 mg/L) and fluoride 
(usually about 10 mg/L in average; but recorded as high as 200 mg/L) of geogenic 
origin. Furthermore, chromium, mainly from leather tannery effluents, as well as 
cadmium from various anthropogenic sources (Mengistie 2017; Merola et al. 2014; 
Rango et al. 2013) are also major concerns. The provision of safe water to the affected 
population requires applicable and low-cost water treatment techniques aimed at 
reducing the presence of these trace elements.  
Up to now, efforts were mainly focused on the development of low-cost adsorbents 
which are locally available. Various locally available adsorbents such as volcanic 
rocks, clay minerals, termite mound, bone char, and various types of biosorbents were 
already tested in Ethiopia (Alemayehu and Lennartz 2009; Fufa et al. 2014; Gómez-
Hortigüela et al. 2015). Applicability of each adsorbent should be considered with 
respect to cultural and regional restrictions, generation of secondary pollutants, and 
efficiency of the adsorbents for the intended use, accessibility and simplicity. Our work 
looks into the testing and development of adsorbents with enhanced efficiency, and 
the use of novel freezing technology which may be better suited for removal of higher 
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trace element concentrations. A final objective would be to combine both methods – 
freezing and adsorption - to improve performance of the whole treatment process in 
terms of output water quality, reduced costs, and energy saving. Therefore, this thesis 
addresses the following basic research questions: 
- Are quartz and zeolitic tuffs efficient for removal of trace elements (As, Cd, and 
Cr) from water? 
- Is freeze desalination using home use freezers a suitable alternative for 
removal of fluoride and hexavalent chromium at point of use? 
- What are the underlying mechanisms involved in the adsorption of As, Cd, and 
Cr on quartz and zeolitic tuff adsorbents? 
- What are the principal rejection mechanisms during freezing for the ions under 
study? 
- Would it be possible to use both methods - freezing and adsorption - together 
as part of a hybrid water treatment system? 
1.5 Conceptual framework of the study 
In a first part of this thesis (Chapter 2), Cr(VI) removal was investigated using freeze 
desalination with home-use freezers. In addition, defluoridation using freeze 
desalination was evaluated (Chapter 3) relative to Cr(VI) removal. Removal of these 
elements using freeze desalination technologies was studied as these elements 
typically occur at higher concentration levels in Ethiopian ground waters and 
wastewaters. In a next phase, the adsorption behavior of As(III, V) (Chapter 4 and 5) 
and Cd(II) (Chapter 6) was studied using locally abundant and low-cost adsorbents, 
i.e. quartz and zeolitic tuffs. Next, the adsorption behavior of Cr(VI) was evaluated 
using quartz tuff (Chapter 7) with the final aim to combine both methods - freezing and 
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adsorption - for Cr(VI) removal, which is discussed in the general discussion (Chapter 
8). Adsorption technologies were not tested and developed for fluoride as these 
technologies had particularly tested using similar adsorbent, zeolitic tuff, previously. 
Briefly, Fig. 1.6 shows the schematic insights of conceptual framework of the thesis. 
 












Chapter Two: Application of freeze desalination for chromium (VI) removal 
from water  
This chapter is published in Desalination and could be cited as: 
Melak, F., Du Laing, G., Ambelu, A. and Alemayehu, E. (2016). Application of freeze 
desalination for chromium (VI) removal from water. Desalination 377, 23–27.  
Abstract 
Chromium (VI) is a highly toxic metal ion found in the priority list of pollutants, which 
is often discharged through untreated wastewaters in developing countries. This study 
was initiated to investigate the efficiency of freeze desalination for Cr(VI) removal 
using home-use freezers, generating fresh water free from Cr(VI) by melting ice 
produced from Cr(VI) polluted water. Simulated tap water samples as well as 
deionized water to which different concentrations of Cr(VI) were added were frozen in 
a closed freezer unit. The effects of initial concentration, time of ice nucleation, fraction 
of ice volume, and influence of co-occurring ions were evaluated in relation to the 
quality of produced ice. The physicochemical characteristics of the produced ice cubes 
were also evaluated. A high total water recovery of up to 85% was achieved. Cr(VI) 
removal ranged from 57 to 80% for simulated tap and from 90 to 97% for deionized 
water spiked with 5 mg/L Cr(VI). Freeze desalination was found to be a relatively viable 
desalination technology in terms of quality of water produced, and easiness for safe 







Chromium is one of the most common pollutants introduced into natural waters due to 
the discharge of a variety of industrial wastewaters containing Cr, including 
wastewater from leather tanning, electroplating, textile, and metal finishing industries. 
Although tanneries represent an important income for both developed and developing 
countries, many of the compounds used in the tanning process release chromium to 
the environment and induce negative effects (Escobar 2010; Owlad et al. 2009). 
Among the various tanning methods, more than 90% of the leathers tanned globally 
use chrome, with 30–50% of the Cr being used in the process leaching into the 
environment (Mannucci et al. 2010). According to the Black Smith institute report 
(2007), various drinking water sources in developing countries are highly polluted with 
Cr(VI). In Ethiopia, literature is pointing towards the presence of hexavalent chromium 
in surface waters such as streams and rivers nearby leather industries. In the water 
bodies of Ethiopian rift valley lakes including Koka, Ziway, and Awassa and their major 
inflows, in six rivers (their inflows), and in effluents from two factories Cr was reported 
to occur up to 0.269 mg/L (Masresha et al. 2011; Mengistie et al. 2017; Zinabu and 
Pearce 2003) which have been shown to exceed, 0.05 mg/L, the maximum 
permissible level for drinking water set by WHO (2011). An important example is the 
pollution of surface water in Addis Ababa reported by Alemayehu (Alemayehu 2001), 
where chromium is present above background level due to the uncontrolled disposal 
of wastes, especially tannery wastes, and inadequate waste management strategies. 
Chromium exists in several forms, including trivalent and hexavalent states, and the 
toxicity of those species differs significantly. The occurrence of Cr(III) or Cr(VI) has a 
significant effect on the transport and fate of chromium in the environment. Chromium 
(III) is an essential element for humans and animals and plays an important role as 
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the glucose-tolerance factor in insulin metabolism. On the other hand, Cr(VI) is 
relatively mobile in the environment and due to its powerful oxidizing nature, it is even 
evidenced as being mutagenic and carcinogenic (Witt et al. 2013). Considerable 
efforts, therefore, have been made to treat mostly Cr(VI) containing (waste)water. 
Several desalination technologies exist for the production of fresh water involving 
either membrane separation or thermal processes. Membrane separation processes 
include electrodialysis (ED) and reverse osmosis (RO). The main drawbacks for these 
processes, however, are clogging, adsorption and cake layer formation on the 
membrane. Especially, the high organic content of tannery effluents leads to rapid 
scaling and biofouling of RO membranes with a consequent reduction in flux rates and 
performance. Recently, extensive efforts have been focused on reducing the bio-
fouling. One such mitigation is the hybrid membrane bioreactor, where membrane 
technology is integrated with various other treatments such as the conventional 
activated sludge process and reverse osmosis with plane membrane hybrid 
techniques (De Gisi et al. 2009). However, such treatments are handicapped by high 
treatment costs. Treating industrial wastewater by segregation of waste streams is a 
very important step in tannery pollution prevention although it is not widely applied 
(Lofrano et al. 2013). Moreover, it is often not feasible to apply high-tech membrane-
based solutions in semi-urban and rural areas of developing countries. 
Freezing-melting process that can remove dissolved compounds in water is an 
alternative physical process, based on the different freezing points of fresh and salt 
waters. It has also been reported as being effective to remove various organic and 
inorganic impurities from (waste)water (Gao and Shao 2009; Lemmer et al. 2001). 
When freeze concentration is used to purify water or liquid waste, impurities are 
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separated from the ice phase during formation of the ice crystals. Two basic freeze 
desalination methods are available: suspension and progressive freeze crystallization. 
In both processes, inclusion of most compounds in the ice crystal lattice is impossible 
due to the small dimensions of ice crystal lattice. In progressive freeze concentration, 
freeze crystallization forms single ice crystals progressively on the surface of the 
freezer unit whereas in suspension freezing numerous small ice crystals are produced 
in the mother liquor. The separation of single large ice crystals formed from the 
concentrated mother liquor in progressive freeze concentration is much easier than  
the separation of the many small ice crystals in conventional suspension crystallization  
(Lu and Xu 2010; Mahdavi et al. 2011). In the current study, we focused on assessing 
the potential of home-use freezers to generate Cr(VI) free water. 
2.2 Materials and methods 
2.2.1 Reagents 
All reagents and chemicals were prepared with de-ionized water. Potassium 
dichromate (99.7%, Riedel-de Haen, Honeywell, Germany) was dissolved using de-
ionized water to prepare a 1000 mg/L Cr(VI) stock solution. Working solutions were 
prepared from this stock solution by diluting it with deionized water. A 1000 mg/L Cr(VI) 
standard (Merck KGaA, Darmstadt, Germany) was employed for calibration purposes, 
by diluting it with Milli-Q water and/or 1% HNO3. Series of standard solutions were 
prepared by pipetting suitable volumes of this Cr(VI) standard using a Thermo 
Scientific FJ40512 Finnpipette. Fresh solutions were prepared prior to each 
experiment. Moreover, simulated tap water was prepared by diluting standard 
solutions in deionized water, taking into account drinking water specifications from 
AquaVital. To prepare the simulated tap water, appropriate amounts of 1000 mg/L 
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standard solutions of Ca2+, Mg2+, Na+, and K+ from Merck KGaA, Darmstadt, Germany 
were utilized. The resulting solution containing major ions (Ca2+ 58.6 mg/L, Mg2+ 29.3 
mg/L, Na+ 92.7 mg/L, K+ 20.0 mg/L, HCO3−  470.0 mg/L, and SO42− 60.0 mg/L) was 
spiked with 5 mg/L of Cr(VI). 
2.2.2. Experimental setup 
The experiment involved an indirect and progressive freeze desalination. Smooth 
plastic containers with a capacity of 250 mL containing water samples were placed in 
a freezer. Such smooth containers are required to avoid enhancement of contaminant 
inclusion in the ice crystals due to the roughness of surfaces involved. The influence 
of surface roughness, surface area of the freezing container, and cooling rate was 
previously described in literature (Yang et al. 2017; Zhang et al. 2016). Deionized 
water and simulated tap water spiked with Cr(VI) were tested. In all experiments, 
solutions containing 5 mg/L Cr(VI) were used, except in the experiments focused on 
studying the impact of concentration variations. In the latter experiment, Cr(VI) 
concentrations were varied in the range of 1 to 300 mg/L. Moreover, the removal of 
Cr(VI) was tested in presence of variable chloride concentrations (5,10, 250, and 350 
mg/L), added as NaCl, to study the effect of presence of co-occurring ions, which may 
occur e.g. in more concentrated surface waters and wastewaters. To get rid of the 
unfrozen residual solution, a plastic tube of ca. 20 mm diameter was inserted with its 
upside down in each plastic containers (Fig. 2.1). Partial freezing was allowed 
progressively for 2 to 4 h. After each studied time interval, i.e. after freezing until 10-
15% V/V unfrozen residue remains in the container, three beakers were taken out from 
the freezer and ice crystals were separated. The ice crystals were rinsed three times 
with 20-25 mL pre-cooled deionized water at 278.15 K, with approximately equal 
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volumes used in each step of washing. This washing step helps to separate the weakly 
adsorbed Cr(VI) ions from the surface of the ice. Then, the mass and volume of the 
ice (meltwater) were measured for each experiment. The whole procedure was 
repeated at each time interval until only a small volume of concentrated solution 
remained. Subsequently, the ice crystals were melted at room temperature and 
analyzed for Cr(VI) content using a colorimetric method. Therefore, 250 mg chelating 
agent, 1,5-diphenylcarbazide (Poole, Dorset, UK) was dissolved in 50 mL acetone 
(Himedia, India) and stored in an amber bottle. The pH of the sample solutions was 
adjusted to 2.0 ± 0.5 using 0.5 M sulfuric acid (98%, Sigma-Aldrich, Germany). Then, 
2 mL of the diphenylcarbazide solution was added to each sample (100 mL) and the 
mixture was allowed to stand for 10 minutes to obtain full color development. 
Absorbance at λmax of 540 nm was measured using a Janway 6051 colorimeter. 
Background correction was performed by analyzing blanks. Calcium, magnesium, 
potassium, and sodium concentrations were measured in the melted ice using an 
inductively coupled plasma optical emission spectrometer (VISTA-MPX CCD, Varian, 
Palo Alto, CA). Conductivity and solution pH were measured using a microprocessor 





Fig. 2.1. Overview of the experimental setup with ca. 20 mm diameter plastic tubes 
being inserted upside down in plastic containers containing Cr(VI) 
contaminated water. 
The performance of freeze separation of Cr(VI) can be expressed by its removal rate 




] × 100                                                                                                     (2.1) 
η = (1 −
𝐶𝑠𝑉𝑠
𝐶𝑜 𝑉𝑜
) × 100                                                                                                   (2.2) 
Where, Co and Cs are the Cr concentrations in the initial feed solution and in the melted 
ice, respectively, and Vo initial volume of Cr(VI)-containing solution/simulated water, 





2.3 Results and discussion 
2.3.1 Deionized water spiked with Cr(VI) 
The removal rate of Cr(VI) from the aqueous solution as function of freeze duration 
and fraction of water transformed into ice is illustrated in Fig. 2.2. It could be concluded 
that initially the removal rate increased up to nearly 97% as the freeze duration and 
volume of ice increased. Upon further increase in freeze duration, after about 40% 
meltwater production, inclusion of Cr(VI) in the ice phase increased and the removal 
rate started decreasing, making the separation of ice more difficult than before. Such 
trend has previously also been observed for the removal of other soluble 
pollutants (Lorain et al. 2001; Yang et al. 2017). It was stated in literature that the 
removal efficiency decreased as the residual liquid volume decreased due to the 
impossibility to maintain regular contact between the liquid and solid phases (Zhang 
et al. 2016). As the liquid/unfrozen portion get smaller, concentrated ions in the solid-
liquid interface lead the system more labile to form ice crystals with more advanced 
ice branches. This could cause soluble contaminants to be trapped into the ice (Chang 
et al. 2016; Yang et al. 2017). Salt entrance into the ice phase was strongly related to 






Fig. 2.2. Relation between the fraction of water transformed into ice (V/V), removal 
rate of Cr(VI) and freeze duration (conditions: deionized water spiked with 5 
mg/L Cr(VI), freeze temperature of 249.15 K, and initial volume 250 mL) 
The effective partition constant (kd) between the ice and liquid phase can be defined 




                                                                                                                      (2.3) 
Where Cs and CL are Cr(VI) concentrations in ice and solution phase, respectively. 
The value of kd is situated between 0 (no salts in the ice) and 1 (no freeze 
concentration). A small volume increase in the ice phase results in a small decrement 
of the volume of the solution phase (−dVL), whereas the concentration of the solute 
increases in the solution phase by dCL. The mass balance of solute can be presented 
as follows, assuming complete mixing in the solution phase and no mixing in the ice 
phase (Liu et al. 1997): 
37 
 
CLVL = −CsdVL + (CL + dCL)(VL + dVL)                                                                              (2.4) 






= k𝑑 − 1                                                                                                                (2.5) 
Integrating Eq. (2.5): 
(1 − kd) log (
VL
Vo
) = Log (
Co
CL
)                                                                                            (2.6) 
Where Co is the initial concentration of Cr(VI) before freezing, CL is the concentration 
of the concentrate, and Vo is the initial volume used. Fig. 2.3 shows a linear plot of 
experimental data used to calculate the effective partition constant, kd, for the 
progressive freeze desalination of aqueous solution spiked with 5 mg/L Cr(VI). Using 
Eq. (2.6), a kd value of 0.064 is calculated from the slope of the linear plot, having a 
correlation coefficient of 0.9995, which indicated the effectiveness of the progressive 
freeze concentration process. It is known that a lower kd value coincides with a higher 




Fig. 2.3. Relationship between Co/CL and VL/Vo (conditions: deionized water spiked 
with 5 mg/L Cr(VI), freeze temperature of 249.15 K, and initial volume 250 
mL). 
2.3.2. Effect of sodium chloride application 
The impact of presence of salt ions was evaluated by adding sodium chloride (250 
mg/L Cl-) to deionized water containing 5 mg/L Cr(VI). When sodium chloride was 
added in the experiment, the ice crystal growth pattern and ice crystal morphology 
were changed, producing promoted dendrites of ice which were less stable as 
compared to the control, Cr(VI) solutions without sodium chloride addition. This 
process reduced the feasibility of ice washing which in turn decreased Cr(VI) removal 
efficiency. The effect of strong tendency to cake formation when sodium chloride was 
added at freezing temperatures, which is caused by the formation of sodium chloride 
di-hydrate solid bridges, has also been observed previously (Bode et al. 2015).   
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It was also observed that the rate of ice formation and inclusion of Cr(VI) into the ice 
is higher for solutions containing Cr(VI) in the presence of sodium chloride salt as 
compared to solutions containing Cr(VI) alone (see slope of the figures, Fig. 2.4 a and 
b). The inclusion of impurities upon progressive freezing has been described by Halde 
(1980), who illustrated that variables such as freezing rate and added chemicals 
strongly affect migration of the impurities. The possible existence of the salt as 
crystalline hydrates of NaCl·2H2O at temperatures below 250.15 K as well as the 
detection of solutes being more concentrated near the water-ice interface, enhancing 
depression of the freezing point temperature, could be reasons for the reduction of 








Fig. 2.4. Effect of chloride addition on Cr(VI) removal using freeze desalination at a 
temperature of 249.15 K: a) deionized water spiked with 5 mg/L Cr(VI), b) 
deionized water spiked with 5 mg/L Cr(VI) and 250 mg/L Cl-.  
2.3.3. Removal of Cr(VI) from simulated tap water spiked with Cr 
In real scenarios, drinking water contains several substances that may affect the 
particular ion removal. The removal of Cr(VI) from simulated tap water versus aqueous 
solutions, i.e. deionized water, is presented in Fig. 2.5. In the simulated tap water, as 
presented in Table 2.1, Cr(VI) removal efficiency was lower as compared to the 
removal efficiency in deionized water spiked with Cr(VI). Common ions existing in 
drinking water previously showed similar effects on fluoride removal using freezing 
(Yang et al. 2017). Furthermore, the dynamic interaction of liquid-solid phases at 
boundaries between the phases affected the ion removal in freeze desalting. On top 
of that, the formation of intramolecular water networks via weak bonds of liquid water 
R2 = 0.9217 
Y-intercept = 0.15 
Slope = 0.84 
R2 = 0.9942 
Y-intercept = 0.09 
Slope = 0.94 
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forms, within the solid ice crystals, was shown to influence efficiency of ion removal 
(Brox et. al. 2015). 
Table 2.1. Physicochemical properties of simulated tap water and deionized water 
spiked with Cr (initial conditions) and melted ice obtained after freezing that 
water (Conditions: meltwater volume 98.5 mL, initial volume 250 mL, and 




























46.80 2.60 99.6 2.50 
pH 7.4 6.5 7.9 6.4 
DO (mg/L) 6.80 6.83 6.81 6.90 
















Cr6+ (mg/L) 1.75 0.16 5.00 5.00 









Temperature 295.65 K during measurement of pH, conductivity and DO.  
NM = Not measured 
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When evaluating the impact of the concentration of Cr on its removal efficiency from 
simulated tap water, it was observed that the change in separation efficiency is 
relatively small up to 100 mg/L Cr(VI). However, in concentrations above 100 mg/L 
Cr(VI), the separation efficiency of freezing decreased rapidly (Fig. 2.5). The fact that 
the freezing process is relatively insensitive to concentrations of a wide range of 
soluble pollutants was reported as an advantage of the process (Lu and Xu 2010). It 
was found that Cr(VI) concentrations up to 0.5 mg/L in absence of other ions can be 
decreased to below the Ethiopian environmental protection agency water discharge 
limit (0.1 mg/L Cr(VI)) and even below the drinking water standard of 0.05 mg/L with 
about 85% meltwater recovery.  
  
Fig. 2.5. Effect of initial Cr concentration on Cr removal efficiency in aqueous solution 
(deionized water) and simulated tap water (conditions: meltwater volume 98.5 
mL, initial volume 250 mL, and freeze temperature of 249.15 K) 
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The performance of freeze desalination in a wide range of concentrations was reported 
in literature for other ions as well (Kang et al. 2014; Lorain et al. 2001). The removal 
of the ions added to the simulated tap water decreased in the order: K+ > Na+ > Mg2+ 
≈ Ca2+. This was similar to results reported by Kang et al. (2014) except that they 
reported the removal of Na+ being nearly the same as the removal of divalent ions. It 
seems that the removal efficiency is related to the hydration free energy and the 
hydrated radius of the ions. Ions in water are found in hydrated forms which can be 
described as M+(H2O)n, with n water molecules coordinated with the cation (M+) in a 
geometrically defined hydration shell. The size of hydrated ions (e.g., Ca2+ 0.82 nm, 
Mg2+ 0.86 nm) was reported in literature (Feng et al. 2017). The hydrated radius of 
ions varies depending on the coordination number of the ion acting as central ion. For 
instance, the hydrated radius of Mg2+ was shown to increase by about 25% if its 
coordination number increased from four to six. Besides the size exclusion properties 
of the ice crystals for larger sized ions, these ions with higher ionic radius bind with 
adjacent water molecules more weakly as compared to smaller size ones (Conway 
and Ayranci 1999; Tansel 2012). Hydration free energy shows the stability of the 
hydrated ions in reference to their unhydrated counterpart. The magnitude of hydration 
free energy for the studied ions is provided in the order: Mg2+ > Ca2+ > Na+ > K+. Ions 
having a strong interaction with water molecules are more easily incorporated in the 
ice phase during freezing. Thus, ions with smaller energy of hydration have less 
association with water and hence a higher removal efficiency (Hummer et al. 1996; 
Kang et al. 2014; Tansel 2012).  
2.3.4 Energy efficiency insights 
The cost of desalination technologies depends mainly on the type of physical process 
(e.g., thermal or membrane separation processes) involved, but also on other 
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parameters such as plant capacity, feed water quality, pre-treatment, plant condition, 
plant life, and investment assets. As a result, several strategies were proposed and 
are being implemented to improve the energy efficiency of desalination (Scheumann 
and Kraume 2009). It is reported that the basic advantage of freeze desalination is the 
lower energy requirement compared to other thermal processes such as multi-
stage flash evaporation (MSF), multiple-effect evaporation/distillation (MED), and 
vapor compression distillation (VCD). For example, freeze desalination systems 
require six times less energy to obtain 1 kg of fresh water compared to MSF. Since 
compression work is a major cost in freezing, renewable resources may be used to 
make the technology more cost-efficient and sustainable (Attia 2010; Rahman et al. 
2006). Furthermore, according to Attia (2010), the cost of freeze desalination using 
an auto-reversed R-22 vapor compression heat pump is 50% lower than most efficient 
methods reviewed previously (Lara et al. 2008). Rice and Chau also elaborated the 
idea of using hydraulic refrigerants in freeze desalination plants. The advent of 
the hydraulic refrigerant compressors (e.g., the use of auto reversed R-22 vapor 
compression heat pump) showed the attractive features of freeze desalination (Attia 
2010; Rice and Chau 1997a). Actual energy consumption using freezers is affected 
by several factors. For example, it depends on how the appliance is used and where 
it is located, temperature and others. Recently, the use of natural freezing and waste 
energy applications in freeze desalting from the re-gasification of liquefied natural gas 
(LNG) are also pointing towards freezing as being a promising future technology in 
water purification (Chang et al. 2016b; Jiang et al. 2015; Lin et al. 2017). The European 
Commission recognized the waste cold recovery from LNG re-gasification as a source 




Our study confirmed that freeze separation processes seem to have potential for 
Cr(VI) removal from water, revealing that water rejection is small and Cr(VI) removal 
relatively efficient, producing up to 85% (V/V) of melted ice as desalted water with a 
90% lower concentration of Cr(VI). However, technical challenges related to washing 
off the chromium adhered to the ice surface after freezing and separation of the ice 
from the water under real conditions outside the laboratory need special attention 















Chapter Three: Freeze desalination as point of use defluoridation technique 
Fekadu Melak, Argaw Ambelu, Higemengist Astatkie, Gijs Du Laing, Esayas 
Alemayehu 
(Manuscript submitted to journal, under review)  
Abstract 
Taking into account the widespread fluoride contamination of Ethiopian water 
resources and the fact that most households in semi-urban and urban areas do have 
easy access to freezers, this study aimed to investigate the defluoridation efficiency of 
freeze desalination and its energy consumption for different water sources. For this 
purpose, synthetic solutions that contain the major ion compositions of natural waters 
(hereafter called simulated water), tap water, and double distilled water to which 
variable concentrations of flouride ions were added were evaluated using a home-use 
insulated freezer (BEKO, RRN 2650). The effects of conditions such as initial fluoride 
concentration, multi-ion existence, fraction of ice frozen, volume of the container, and 
freeze duration were evaluated in relation to the produced ice quality. It was found that 
nearly 48% and 55% removal of fluoride were achieved from tap water and double 
distilled water spiked with 10 mg/L F-, respectively, with a total water recovery of 76%. 
The energy consumption predicted to produce the ice from tap water spiked with 10 
mg/L F- and double distilled water alone was found to be 93.9 and 91.8 kJ/L, 
respectively. The results showed that freeze desalination can be a potential technique 
for fluoride removal from water to be used as drinking water at PoU in (semi-)urban 




3.1 Introduction  
Fluorine is the most electronegative and a highly reactive element, which cannot be 
found in its elemental form in nature. The occurrence of fluoride in groundwater is 
common when conditions favor the dissolution of fluoride containing minerals, rocks, 
and soils, mainly in calcium-poor aquifers. Most important fluoride-containing minerals 
are fluorspar (CaF2), cryolite (Na3AlF6), sellaite (MgF2), villianmite (NaF), and 
fluoroapatite (Ca5(PO4)3F) (Jagtap et al. 2012; Thole 2013). These minerals are 
slightly soluble in water. The availability of fluoride in groundwater is highly influenced 
by rock chemistry, hydrologic conditions, residence time, volcanic activities, and 
presence of thermal waters. Natural phenomena like weathering in association with 
rifting and rising of geochemical deposits are also among the main causes of fluoride 
leakage into water bodies (Ali and Gupta 2006; Tahir and Rasheed 2013; WHO 2006). 
Besides natural sources, discharges of fluoride containing effluents into groundwater 
as well as surface water from increased industrial activities like metal processing, 
semiconductors-, fertilizers-, and ceramic-manufacturing are other contamination 
sources of fluoride in water bodies.  
Groundwater is the main source of water supply in most world regions dealing with 
water scarcity, including rural communities in Africa. Groundwater is usually free from 
microbial contamination and suspended matter. However, its contamination with 
naturally occurring elements like fluoride is common. Globally, millions of people are 
exposed to high concentrations of fluoride (>1.5 mg/L) through drinking water (Amini 
et al. 2008). Problems associated with intake of excess fluoride are prevalent in a 
number of developed and developing countries such as in China, India, Sri Lanka, 
USA, and countries in great rift valley regions of Africa, including Ethiopia (Amini et al. 
2008; Jagtap et al. 2012). Particularly, in the main Ethiopian Rift Valley (MER) area, it 
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was estimated that over 8 million inhabitants depend primarily on fluoride 
contaminated groundwater for drinking and domestic applications (Rango et al. 2010; 
Reimann et al. 2003). Moreover, a study by Rango et al. (2012) showed that from a 
total of 148 water samples collected from MER, 96% well waters revealed fluoride 
concentrations exceeding the WHO drinking water guideline (Rango et al. 2012).  
Fluoride has either healthy or detrimental effects on humans. When fluoride levels are 
low (0.5–1.5 mg/L) in drinking water, formation of fluoroapatite (Ca5(PO4)3F) could 
occur and resist acid attack, leading to prevention of dental caries. However, in case 
of prolonged exposure and high concentrations of fluoride, many people suffer from 
conditions of mild dental fluorosis to crippling skeletal fluorosis (WHO 2006). 
Accordingly, different countries set limits for fluoride in drinking water. A guideline 
value of 1.5 mg/L for drinking water was set by WHO as a level at which dental 
fluorosis is minimal. 
Various methods have been employed to treat fluoride containing water. However, 
most are facing challenges especially when they are used in developing countries. 
The conventional water treatment technologies like biological processes are often 
ineffective to remove fluoride. Adsorption processes are found useful mainly for low 
concentrations, and chemical treatments like precipitation and coagulation incur 
chemicals and produce high amounts of sludge which need additional treatment. 
Membrane processes are limited by fouling problems, and distillation methods are 
costly (Durmaz et al. 2005; Lorain et al. 2001; Mohapatra et al. 2009). Freeze 
desalination is an alternative method, based on salt rejection from water during 
freezing. Salt rejection in freeze desalination is due to the small dimensions of the ice 
crystal lattice that excludes the salt ions during partial freezing instead of being 
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incorporated in the crystal lattice of the ice. In addition, the mechanism of salt rejection 
from the ice phase could also be due to negligible solubility of salt ions in the ice phase 
as compared to water (Vrbka and Jungwirth 2005). In general, the ice crystal formation 
is more likely to occur at surfaces than in the bulk solution (Zhou et al. 2002). The 
rejection of ions out of the solid phase (ice) is highly related to the hydration free 
energy and hydrated or ionic radius of ions. Hydration free energy is the energy which 
indicates the stability of the hydrated ions compared to their unhydrated counterparts. 
Ions with smaller energy of hydration have less association with pure water and hence 
are more likely to be rejected from the ice phase. According to the Born model, the 
hydration free energy is approximately related to the charge of ions in a quadratic 
fashion. The ionic/hydrated radius of ions is dependent on many factors such as 
charge of the ions whether cationic or anionic, size of the ions, ion-water interaction 
potential, and coordination of ions with water (Hummer et al. 1996; Lu and Xu 2010; 
Mahdavi et al. 2011). The ionic/hydrated radius of ions in turn affects the ion rejection 
from ice crystals either by affecting the size of ions in water or by changing the affinity 
i.e., ion-water interactions. Essentially, the Pauling ion radius influences the strength 
of hydration. Thus, the lower the hydration strength of ions the higher the percentage 
removal of ions through freeze desalination (Hummer et al. 1996; Kang et al. 2014; 
Tansel, 2012).  
The use of cost effective energy sources can make freeze desalination technology a 
promising tool in the production of potable water. The advantages, including immunity 
to fouling and corrosion, possibility of working in a relatively wide salinity range, and 
avoidance of scaling are well known (Chang et al. 2016; Shone 1987; Wang and 
Chung 2012). Regardless of these advantages, applicability of freeze desalination for 
defluoridation and energy consumption during the process have hardly been studied. 
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However, it is important to develop an easily applicable method for fluoride removal, 
which does not require high-tech solutions and highly skilled man power. Accordingly, 
the main aim of this work was to evaluate the defluoridation efficiency of freeze 
desalination as point-of-use fluoride removal technique, and elucidate the freezing 
point depression and energy consumption during the process. 
3.2  Materials and methods 
3.2.1 Reagents 
A stock solution of 1000 mg/L F- was prepared by dissolving 2.21 g of NaF (98%, 
Finkem, Italy) in double-distilled water and stored in polyethylene plastic bottles. 
Calibration standards of 0.01, 0.1, 1, 10, and 100 mg/L were prepared from the 1000 
mg/L F- stock solution. Total ion strength adjustment buffer (TISAB) was prepared from 
disodium EDTA (Alpha Chemika, Mumbai), NaCl (Techno Pharmchem, Bahadurgarh, 
India), and glacial acetic acid (AR, Nich Direktem, Sonnenlicht, Aussetzen). pH 
adjustments were made using NaOH (CDH, New Dehli, India). Working solutions of 2, 
4, 5, 10, 15, and 20 mg/L F- were prepared by diluting the stock solution prior to each 
experiment. Synthetic solutions containing major ions which also occur in natural 
waters (referred to as simulated water) were prepared from salts of NaCl (Techno 
Pharmchem, Bahadurgarh, India), K2SO4 (Techno Pharmchem, Bahadurgarh, India), 
KNO3 (Nice Chemicals, India), Na2CO3 (Qualikems Fine Chemicals, New Dehli, India), 
NaHCO3 (Qualikems Fine Chemicals, New Dehli, India), and MgCl2 (BDH Laboratory 
Supplies, Poole, England). Eriochrome Black T (EBT)-Indicator (Kochi, New Dehli, 
India) was used in total hardness determination. For iron determination in tap water, 
concentrated HCl (37%, Riedel-deHaën, Germany), hydroxylamine (99.99%, Sigma 
Aldrich, Weinheim an der Bergstrasse, Germany), and 1-10-phenantroline were 
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utilized. Moreover, H2SO4 (98%, UNI-CHEM, Germany) (titrant), phenolphthalein and 
bromo-cresol green, and calcon indicators were used to determine both calcium 
hardness and alkalinity. 
3.2.2 Experimental  
Double distilled water, tap water (Table 3.1) and simulated water containing ions (Mg2+ 
50 mg/L, Na+ 446 mg/L, K+ 185 mg/L, HCO3− 470 mg/L, CO32- 130 mg/L, SO42− 150 
mg/L, NO3- 100 mg/L, and Cl- 250 mg/L) were spiked with 10 mg/L F- and tested for 
freeze defluoridation efficiency. Calcium ions were excluded from the simulated water 
solution as calcium ions can form precipitates with fluoride during fluoride spiking in 
the experiment. Due to a limited availability of salts for preparing the solutions, it was 
impossible to accurately simulate the composition of natural waters. However, the 
prepared solution was considered useful to assess the impact of co-occurring ions. In 
the sampled tap water test, the fluoride content was found negligible (0.02 mg/L), 










Table 3.1. Physicochemical parameters of tap water used in the experiment 
Parameters Value 
pH 6.72 
Turbidity, NTU 8.11 
TDS, mg/L 200 
Chloride, mg/L 4.50 
Nitrate, mg/L 0.79 
Total hardness, mg/L 34 
Total iron, mg/L 0.20 
Magnesium, mg/L 16.10 
Calcium, mg/L 18.00 
Conductivity, μS/cm 95.70 
Fluoride, mg/L                                                                                                           0.02 
Alkalinity (due to bicarbonate), mg/L 18.00 
 
Samples of 50 mL were placed into the freezer for 2 to 2.5 h to undergo partial freezing 
at a temperature of 249.15 K, producing ice. A batch of capped plastic beakers (4 cm 
height by 2.5 cm radius) with a 3.1 cm rod fixed from the cap and inserted down into 
the solution was used (Fig. 3.1). The rod attached to the cap was used to separate the 
solution remained unfrozen from the ice. The experiment was set up in triplicate. After 
parameter optimization using the double distilled water spiked with 10 mg/L fluoride, 
simulated water and tap water spiked with 10 mg/L F- were both tested for freeze 
separation. Double distilled water was pre-cooled in a freezer to 278.15 K and used 
for washing the produced ice. After separating the ice crystals from the liquid, they 
were rinsed once with 15-20 mL of cold doubled distilled water to rinse the weakly 
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adsorbed fluoride ions from the surface of the ice. Subsequently, the ice crystals 
produced were melted at room temperature and the mass and volume of melted ice 
were recorded. Finally, melted ice was analyzed for fluoride concentration using a 
fluoride Ion Selective Electrode (ISE) based on the standard procedure described in 
the perfectION guide book (Mettler-Toledo AG 2011). For this, TISAB was prepared 
by mixing 4 g disodium EDTA, 58 g NaCl, and 57 mL of glacial acetic acid in a 1 L 
volumetric flask and stirring to dissolve the compounds. Then, 125 mL of 6 M NaOH 
was added to adjust the pH to a value of 5.3, and the flask was filled to the mark with 
double distilled water. The amount of fluoride in the calibration standards as well as in 
the melted ice was determined using the fluoride ion selective electrode in a 1:1 
mixture of sample/standard to buffer solution (TISAB). Therefore, 25 mL of the sample 
and 25 mL of TISAB solutions were mixed and then stirred for 3 minutes with a 
magnetic stirrer. Then, the electrode potentials of sample solutions were compared 
with those of fluoride standards and the amount of fluoride in the samples was 
determined. 
 




The amount of chloride and nitrate in the sampled tap water were analyzed using an 
argentometric titration (Mohr method) and the Phenol Disulphonic Acid (PDA) method, 
respectively (Eaton et al. 1995). In the PDA method, nitrate reacts with phenol 
disulphonic acid producing nitro-derivatives in a basic medium, developing a yellow 
color. The colored complex produces an intensity of absorption which is proportional 
to the concentration of NO3- present in the sample and is determined using UV-Vis 
spectrophotometry (DR 5000, Hach, Germany).  
Total Iron was determined with UV-Vis spectroscopy (DR 5000, Hach, Germany) using 
the phenantroline method. Ferric iron was reduced to the ferrous state by boiling with 
2 mL concentrated HCl and hydroxylamine. Acetate buffer was added to keep pH of 
samples and standards in the range of to 3.2 to 3.3. Then, each solution was treated 
with 4 mL of 1,10-phenanthroline and color development was allowed for 15 min. The 
total iron amount was analyzed by measuring the iron-phenanthroline complex with a 
spectrophotometer at a fixed wavelength of 508 nm, according to literature (Eaton et 
al. 1995). Total Dissolved Solids (TDS) of water samples were determined using a 
gravimetric method. The sample is filtered with a glass-fiber filter and then the filtrate 
is evaporated to dryness (378.15 K) in a weighed dish and dried to constant weight at 
453.15 K in a porcelain cup. The sample was weighed after the solvent was 
evaporated. Parameters such as total hardness and calcium hardness were 
determined using titrimetric methods. Conductivity and pH were measured using a 
multi-parameter probe of Hach (HQ40d). Turbidity of the water sources was examined 





3.2.3 Evaluation of freeze desalination 
The efficiency of freeze separation (η) was evaluated through Eq. (3.1).  
η = (1 −
CsVs
CoVo
) × 100                                                                                               (3.1) 
Where η is the efficiency of freeze separation, Vo initial volume of fluoride-containing 
solution, Vs volume of the solid phase (ice) after melting (mL), Co initial concentration 
of fluoride in solution (mg/L) and Cs concentration of fluoride in the ice phase (mg/L). 
To describe the efficiency of partial freezing, the effective partition constant (kd) was 




                                                                                                                    (3.2) 
Where Cs and CL are fluoride concentrations in the ice phase and solution phase, 
respectively. The value of the partition constant (kd) varies between 0 and 1, where 0 
indicates absence of fluoride ions in the ice (solid phase) and 1 indicates the presence 
of equal concentrations of fluoride in the concentrated residue (unfrozen phase) and 
in the ice phase. A small increase in volume of the ice phase results in a small 
decrease in the volume of the solution phase (-dVL), whereby the concentration of 
solute increases in the solution phase by dCL. The mass balance equation of the solute 
is given by Eq. 3.3.  
CLVL = −CsdVL + (CL + dCL)(VL + dVL)                                                                              (3.3) 






= k𝑑 − 1                                                                                                                (3.4) 
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Integrating Eq. (3.4): 
(1 − kd) log (
VL
Vo
) = Log (
Co
CL
)                                                                                              (3.5)                                                                               
Where Co is the initial fluoride concentration, VL volume of unfrozen liquid phase (mL), 
and Vo is the initial volume of solution. The equations assume complete mixing in the 
solution phase but no mixing in the ice phase (Liu et al. 1997). 
3.2.4 Energy estimation and freezing point depression 
 Freezing-point depression is a colligative property which describes the process in 
which adding solute to a solvent lowers the freezing point of the solvent. It is 
dependent on the amount of solutes added, not on their identity. It is directly related 
to the molality of solutes (Halde 1980). Freezing-point depression can be expressed 
as: 
ΔT𝑓 = iKfm                                                                                                           (3.6) 
Where ΔTf is the change in freezing temperature of a solution relative to the pure 
substance (the freezing point depression), Kf is the cryoscopic constant related to the 
identity of the solvent (for water Kf is 1.86 ⁰C/m or 1.86 K kg/mol), and m molality in 
moles per kg of solvent. The Van’t Hoff factor (i) is a factor reflecting the effect of a 
solute upon the colligative properties of substances. The Van’t Hoff factor (i) is equal 
to 1 for most non-dissociated ions in water, and equal to the number of dissociated 
species for dissolved solutes in water.  
Energy released upon freezing of water includes activation energy for ice nucleation, 
latent heat or enthalpy of fusion, and the energy to stabilize structure of the ice during 
freezing to attain freezer’s temperature. The proposed energy estimation equation for 
a given mass of a substance can be given in Eq. 3.7 (Brito et al. 2014): 
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E = miL + Cwmw(293.15 − Tfs) + Cimi(Tfs − 249.15)                                            (3.7) 
                
Where: (miL=Q) is the amount of energy released or absorbed during the 
change of phase of the substance (in kJ) 
Cw is specific heat capacity of water (4.186 kJ/kg K) 
Ci is specific heat capacity of ice (at 253.15 K = 1.943 kJ/kg K and at 273.15 = 
2.050 kJ/kg K) 
mi,w is the mass of the substance (in kg), subscripts i and w refer to ice mass 
and  mass of water 
L is the specific latent heat for a particular substance (kJ/kg) (latent heat 
fusion for water is 334 kJ/kg). 
Refrigerator’s inside temperature (249.15 K) and refrigeration cycle efficiency 
≈ 4 
Tfs is the freezing temperature of solutions, where the freezing point of pure 
water is assumed to be 273.15 K. 
The following assumptions were considered while estimating the energy 
consumed during freeze desalination: 
1. Since the surface of the container is smooth, the ice nucleation process was 
assumed to be homogeneous; 
2. Pressure being 1 atm for the condition of specific latent heat and specific heat 
capacity; 
3. The solution is assumed to be ideal, which implies that ion pairing in all 
electrolytes within the solution is absent; 





3.3  Results and discussion  
3.3.1 Effect of freezing time 
Freeze duration is an important parameter when producing ice. The process of freeze 
defluoridation in the aqueous solution and mass fraction of melted ice as function of 
freeze duration is given in Fig. 3.2. When freeze duration increases, the amount of ice 
produced increases. It was shown that nearly 55-62% defluoridation efficiency was 
obtained within 2 h of freezing. A longer freeze duration above 2 h resulted in the 
inclusion of high fluoride contents in the produced ice. It was reported that long freeze 
duration results in ice with higher salinity as the volume of unfrozen water becomes 
very small. The high salinity creates an ice-water interface that tends to include salts 
into the ice (Chang et al. 2016). In a recent study by Yang et al. (2016), similar fluoride 
removal rate (55%) was obtained when the freezing rate was about 95% at 248.15 K, 
declining in the freeze removal when the freezing rate became higher. Such 
observation was also reviewed for saline waters as well (Chang et al. 2016; Mahdavi 
et al. 2011). This could be due to the fact that ice-water interface tends to include salts 
into the ice phase when the volume of water unfrozen gets very small. During the 
experiment, initially as the ice volume increased, freeze removal efficiency should 
have been increased. However, may be due to the small volume (50 mL) of the 
samples involved, direct decrement in freeze removal efficiency came into effect (Fig. 
3.2) unlike the observations in case of Cr(VI) removal (chapter two) with larger volume 
of solutions (250 mL), and as in literature results performed with samples of 500 mL 
(Yang et al. 2017). After 2 hours, about 24% volume of liquid residue rejection was 
observed, coinciding with nearly 76% of water recovery from the melted ice, at 55% 
separation efficiency (Fig. 3.2). A similar high total water recovery was reported from 
initial saline water of concentration 144 mg/L in a hybrid desalination process 
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comprising freeze desalination and membrane distillation (Wang and Chung 2012), 
meeting potable water quality. Literatures also indicated the effect of angle of the 
container on freeze separation of ions (Hao 2014; Mtombeni et al. 2013).  
 
Fig. 3.2. Effect of freeze duration on fluoride efficiency (%) and fraction of ice 
produced presented as the ratio of mass of melted ice (Im) to mass of total 
solution (Sm) (mean ± standard deviation, n = 3; conditions: freezing 
temperature 249.15 K, initial sample volume 50 mL, initial concentration 10 
mg/L).  
3.3.2 Effect of fluoride concentration and validity tests 
The influences of fluoride concentration and multi-ion occurrence, present in simulated 
water in this case, upon freeze defluoridation were investigated and presented in Fig. 
3.3. In the studied concentration range (2-20 mg/L F-), the percent fluoride removal 
reached about 62% for aqueous solutions and went down to 40% in case of simulated 
water spiked with 10 mg/L F-. At specified experimental conditions, the percent 
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removal of fluoride gradually decreased as the concentration of fluoride increased. 
Previous studies in seawater desalination also indicated that several freezing steps 
would be important to bring the concentrations of total dissolved salts to the drinking 
water limits (Badawy 2015; Mtombeni et al. 2013). Furthermore, in recent work 
conducted by Yang et al. (2017), freeze temperature optimization resulted in better 
fluoride removal efficiency, enabling to bring 10 mg/L F- below 1.5 mg/L at optimal 
temperature of 258.15 K.  
 For the freeze validity tests in defluoridation, experiments were carried out in triplicate 
under same experimental conditions as optimized using double distilled water spiked 
with 10 mg/L F- (freeze duration 2 h, freeze temperature 249.15 K, initial volume 50 
mL). It was found that fluoride concentration of the sample was reduced from 10 mg/L 
to 4.8 mg/L at about 76% meltwater recovery. The remaining fluoride in the meltwater 
signified the need for further freezing to reduce 4.8 mg/L F- to the permissible level 
(1.5 mg/L), which is the safe limit set for fluoride in drinking water by WHO. In cases 
where such high fluoride concentration is found in drinking water, further treatment (re-
freezing) or the use of an optimized freeze temperature, as reported by Yang et al. 
(2017), may reduce fluoride to acceptable levels. Previous studies in seawater 
desalination also indicated that several freezing-melting cycles would be advisable to 
bring the concentrations of total dissolved salts to below the drinking water limits 
(Badawy 2015; Mtombeni et al. 2013). For an initial fluoride concentration of 10 mg/L, 
the removal of fluoride was found to decrease in the following order: aqueous solutions 
of 10 mg/L F- (2.72 μS/cm) > tap water spiked with 10 mg/L F- (97.2 μS/cm) > simulated 
water spiked with 10 mg/L F- (2630 μS/cm). Total dissolved salts have been shown an 
inverse relation with efficiency of freeze desalination. The impacts of freezing rate and 
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added chemicals on impurity migration have been well described in literature (Kang et 
al. 2014; Lin et al. 2017). Ions having a strong interaction with water molecules are 
more easily introduced into the ice phase during freezing. The change in ice 
morphology might also affect the removal efficiency. Crystal size of ice vary depending 
upon the ions in the initial solution which made the ice crystal size larger or smaller 
than the ice crystals produced from pure water. For instance, the mean ice crystal size 
of sodium salts of: HPO42-, SO42-, and F- was found much smaller than those obtained 
from pure water (Kang et al. 2014; Parsons and Ninham 2011).  
 
Fig. 3.3. Effect of initial fluoride concentration on fluoride removal efficiency from 
fluoride spiked tap water, simulated water, and double distilled  water solutions 
(mean ± standard deviation, n = 3; conditions: freezing temperature 249.15 K, 
initial sample volume 50 mL, freeze duration 2 h) 
The amount of meltwater produced and major physicochemical parameters of initial 
fluoride-containing solutions and tap water are described in Table 3.2. The conductivity 
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of meltwater produced from frozen tap water spiked with 10 mg/L F- (53.4 μS/cm) was 
nearly half of the conductivity of  the original tap water spiked with 10 mg/L F- (97.2 
μS/cm). Previous studies (Badawy 2015; Chang et al. 2016; Mahdavi et al. 2011) 
showed that total dissolved salt concentrations of meltwater obtained after freezing 
decreased about 2-4 fold compared to the studied initial concentrations, and desalting 
was highly influenced by the properties of the initial employed water. Experimental 
data showed that the mass of ice produced from simulated water spiked with 10 mg/L 
F- was found higher than that produced from double distilled water under the same 
experimental conditions (Table 3.2). This could be due to the change of processes 
occurring in the interface between the ice and solution phase when the solute 
concentration increased. The purity of the ice being dependent on the rate of ice 
growth has also been reported in waste water treatment previously (Gao et al. 2006) 
using natural freezing. The ice nucleation barrier is highly reduced by the existence of 










Table 3.2. Physicochemical characteristics of sample solutions/simulated water used 
in the experiment 
 
Initial volume of solution/simulated water = 50 mL, freezer temperature 249.15 K, 
















Simulated water spiked 
with 10 mg/L F- 
2630 9.22  7.00   
Meltwater from ice 
generated from simulated 
water spiked with 10 mg/L 
F- 
2250 9.12  6.97 39.67 8.05 
Double distilled water 2.72 6.64 0.78 6.36   
Meltwater from ice 
generated from double 
distilled water 
1.41 6.79 0.43 6.23 37.50 10.43 
Tap water spiked with 10 
mg/L F- 
97.2 6.69 6.17 7.64   
Meltwater obtained from 
ice generated from tap 
water spiked with 10 mg/L 
F- 
53.4 7.27 2.42 7.43 38.05 9.42 
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To further confirm whether the mass of ice is consistently greater when being 
produced from simulated water spiked with 10 mg/L F- as compared to double distilled 
water spiked with 10 mg/L F- (Table 3.2), the mass fraction of ice produced was 
measured at different freeze durations (Fig. 3.4). At each sampling point, mass fraction 
of ice produced was indeed found greater for simulated water than for double distilled 
water, confirming that the mass of ice produced is consistently greater when the water 
contains co-occurring ions. 
 
Fig. 3.4. Mass fraction of ice presented as the ratio between mass of melted ice (Im) 
to mass of total solution (Sm) as affected by the initial water source and 
freezing duration (mean ± standard deviation, n = 3; conditions: freezing 
temperature 249.15 K, initial sample volume 50 mL, simulated water 
contained 10 mg/L spiked fluoride). 
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3.3.3 Energy and cost overview  
The energy consumption for freezing estimated per liter is presented for each water 
sample in Table 3.3. The energy consumption for each case was found to be 91.80, 
93.90, and 111.9 kJ/L for double distilled water, tap water spiked with 10 mg/L F-, and 
simulated water spiked with 10 mg/L F-, respectively. The energy consumption for 
double distilled water alone has been calculated, taking as a control, to see the effect 
of energy consumed from freezing point depression temperature changes. 
Table 3.3. Freezing point depression and energy consumption for sample waters 
evaluated according to Eq. 3.6 and 3.7, respectively. Conditions: freezing 
temperature 249.15 K, freeze duration 2 h, and mass of meltwater 0.0375, 
0.0381, and 0.0397 kg, from double distilled water, tap water and simulated 





depression (K)                
Double distilled water 91.80  273.15  
Tap water spiked with 10 mg/L F-  93.90 NR 
Simulated water spiked with 10 
mg/L F- 
111.9  261.65  
NR: Not reported.  
A higher energy consumption was observed for simulated water spiked with 10 mg/L 
F- and tap water spiked with 10 mg/L F- over double distilled water. These energy 
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differences, i.e., the increase in energy consumption in association with increase in 
salt ions would be due to the energy aroused from the freezing point depression 
temperature changes. It was reported in literature that freeze desalination plants are 
currently much more efficient than they were in the past due to the use of renewable 
energy sources (Jiang et al. 2015).  
The cost of desalination technologies depend on the type of process involved and also 
on parameters such as feed water quality, pre-treatment, plant capacity, plant life, 
investment assets, and energy and labor costs. In addition to capital and operating 
costs, incentives or subsidies also contribute to large differences in desalination costs 
between regions. For instance, the cost of desalination of seawater was below $ 
0.50/m3 for a large scale seawater reverse osmosis plant at a specific location while 
on other location the cost was double ($1.00/m3) in similar conditions (Ghaffour et al. 
2013). Table 3.4 shows the total average costs and energy consumption of different 
methods. Energy consumption during freeze desalination is affected by different 
factors, e.g., by the appliance used and where it is located, temperature, refrigeration 
cycle efficiency, and others. Direct comparison of our experimental results with 
literature data would create ambiguity because the literature data in Table 3.4 were 
collected for large scale commercial plants. It has been shown that hybrid methods 
combining freezing and reverse osmosis (RO) showed 25% energy saving compared 
to conventional RO. The possibility of using re-gasification of liquefied natural gas 
(LNG) as energy source for freeze desalination has proven the method to be promising 














cost                                         
 





(MSF)       
10-16 1.0 $/m3  Second largest 
installed desalting 
capacity in the world 
next to RO 
(Zhou and Tol 2005) 
Thermal: Multiple 




 (Ghaffour et al. 2013) 
Membrane processes: 
Reverse osmosis(RO) 
6.95 less than 
$0.5/m3 
For seawater (Baayyad et al. 2014; 
Ettouney 2009) 
Electrodialysis (ED)  less than 
$1.0/m3 
For seawater (Zhou and Tol 2005) 
about 
$0.6/m3 
 For brackish water  
Hybrid method: 
Coupling  freezing and 
reverse osmosis (RO) 
5.17   For seawater (Baayyad et al. 2014) 
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3.3.4 Fraction of ice volume 
Theoretically, ice floats on water due to the density of water in the liquid phase being 
greater than in the ice phase. In our experiment, the concentrated small volume of 
unfrozen liquid solution during partial freezing is engulfed by ice crystals. This is mainly 
because the ice nucleation starts at the surface where the liquid part is in contact with 
the container. Such phenomenon was reported in seawater freezing, with impurities 
concentrating into the center of the ice block (Nebbia 1968). The tendency of 
concentrated water being present in the center of the ice block and freeze separation 
efficiency decrement are highly dependent on the volume of the container (Baker 
1967; Halde 1980). Some technical challenges such as increase of the water rejection 
due to melting the ice while washing, and ice handling need further attention to 
advance the technique. 
3.4. Conclusion 
Freeze separation efficiency of fluoride depends on various factors, which include 
initial concentration, multi-ion occurrence, volume of the container, freeze duration, 
salinity, and turbidity. Freeze desalination for fluoride separation was found effective 
at wide range of concentrations (2-20 mg/L), showing 55-62% freeze separation of 
fluoride from aqueous solutions. Freeze separation efficiency of fluoride was found to 
be 48% for tap water spiked with 10 mg/L F-, with small volume rejection (10-24% of 
the initial volume). Thus, it is concluded that the presence of multiple ions in the 
solution enhances the inclusion of fluoride into ice phase, which leads to a lower quality 




Chapter Four: Evaluation of natural quartz and zeolitic tuffs for As(V) removal 
from aqueous solutions: a mechanistic approach 
This chapter is published in International Journal of Environmental Science and 
Technology and could be cited as: 
Melak, F., Alemayehu, E., Ambelu, A., E. Van Ranst, E., Du Laing, G. (2018). 
Evaluation of Natural Quartz and Zeolitic tuffs for As(V) Removal from 
Aqueous Solutions: A Mechanistic Approach. Int. J. Environ. Sci. Technol. 
15:217–230.  
Abstract 
Naturally occurring pyroclastic materials, quartz rich tuffs (Qz) and stellerite tuffs 
(STL), were evaluated for their capacities to remove As(V) from aqueous solutions. 
The mechanism of As(V) adsorption was evaluated using sequential extraction of 
As(V)-loaded adsorbent which entailed that the plausible removal mechanism is 
adsorption to short-range ordered hydrous oxides of iron and aluminium. In addition, 
buffering effects of adsorbents could form favourable charges upon them through 
hydrolysis of amphoteric oxides, enhancing the performance of adsorption. The 
influence of anions co-existing with As(V) in water such as carbonate, bicarbonate, 
nitrate, chloride, phosphate, and sulphate was studied in a batch adsorption process. 
The impact of most anions on As(V) removal was found to be negligible except 
phosphate. An estimated adsorption capacities of 0.42 g/kg and 0.23 g/kg were 
observed using quartz rich tuffs and stellerite tuffs, respectively. As(V) concentration 
of 0.8 mg/L was easily decreased to below the drinking water standard of 0.01 mg/L 
when Qz was used, whereas 0.1 mg/L As(V) decreased to below this limit upon the 
use of stellerite tuffs under similar conditions. Quartz rich tuffs and stellerite tuffs 
induced a pH increase to 5.76 and 5.40, respectively, from initial pH of 3.50, which 




Pollution of groundwater and surface water by arsenic is largely due to the dissolution 
of As-containing minerals being naturally present (Amini et al. 2008). Moreover, 
anthropogenic activities such as combustion of fossil fuels and use of wood 
preservatives are among the potential sources of arsenic (Flora 2015). Arsenic in 
groundwater supplies above WHO guideline of 0.01 mg/L has been found in different 
parts of the world such as in Bangladesh (Smith et al. 2000), Vietnam (Berg et al. 
2001), and Ethiopia (Getaneh and Alemayehu 2006; Rango et al. 2010) and so on. 
Ethiopia has abundant surface and groundwater resources of which groundwater 
takes the lion’s share. However, over 10 million inhabitants of the Main Ethiopian Rift 
Valley (MER), who rely on groundwater for drinking and domestic applications, are 
exposed to naturally elevated arsenic levels, inducing health risks for the local 
population (Rango et al. 2013). 
The variation in physicochemical properties such as pH, redox potential, and others 
often affect the environmental fate of As; mobility, biological availability, and speciation 
(Borja et al. 2011; Manning and Goldberg 1996). As(V) and As(III) are most common 
in natural waters. The global geogenic arsenic contamination prediction for 
groundwater and region specific reports for MER aquifers indicated As(V) in 
groundwater to be predominant over As(III) (Amini et al. 2008; Rango et al. 2013). 
Therefore, removal of As(V) from water with low-cost and applicable method is crucial. 
Adsorption is one of the most promising and useful methods for removal of trace 
elements, including As. A wide range of possible adsorbents was reported for As(V) 
removal, for instance, alumina and iron-based adsorbents are very popular due to their 
high affinity for arsenate and arsenite, with greater affinity to arsenate than arsenite 
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(Mohan and Pittman 2007; Xu et al. 2002). However, adsorption mechanisms involved 
are insufficiently studied for most of the adsorbents, in general, and quartz and zeolitic 
tuffs in particular. Furthermore, consideration of naturally occurring and abundantly 
available adsorbents, as a replacement for high-cost adsorbents, is highly important 
in developing countries. Natural quartz and zeolitic tuffs are among these materials 
which are abundantly found throughout the world, including Ethiopia, and could be 
exploited at low cost.  
Tuffs are consolidated pyroclastic rocks. These rocks can form zeolite minerals (Hall 
1998). Zeolitic tuffs commonly contain one or more zeolites, volcanic glass, and 
mineral phases as quartz, feldspar, calcite, and gypsum (Ruggieri et al. 2008). Various 
natural zeolites showed variability in composition from one location to another, and 
hence also variability in ion-exchange characteristics (Wang and Peng 2010), and a 
predictive variation in adsorption efficiency. In Ethiopia, several million tonnes of 
zeolite deposits were reported in rift valley sediments near Nazret and Boru, as well 
as in northern parts of Ethiopia, Hashengie and Alagie areas (Gómez-hortigüela et al. 
2014; Tadesse 2009).  
Quartz is the second most abundant and widespread mineral in the Earth’s surface 
characterized by specific properties ranging from point defects to macroscopic 
appearance which are dependent on the geological history and specific conditions of 
formation. Quartz contains numerous atoms out of place, and various substitutional 
and interstitial impurities and defects. Some of these are inherently paramagnetic 
(e.g., Fe3+) (Rudolf and Pan 2013). These mineral tuffs from Ethiopia: quartz and 
zeolite were employed to remove As(V) using batch system at Applied Analytical and 
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Physical Chemistry Laboratory, Gent University, Belgium from September 2014 to 
June 2015. 
Accordingly, the major objectives of the present work were to assess the potential of 
natural Qz and STL, from Ethiopia to remove As(V) from aqueous solutions and to 
reveal the adsorption mechanism involved. Therefore, batch adsorption experiments 
were conducted under different experimental conditions and sequential extraction was 
performed on the As(V)-loaded adsorbents.  
4.2. Materials and Methods 
4.2.1 Reagents 
1000 mg/L As(V) stock solution was prepared by dissolving 4.165 g of 
Na2HAsO4·7H2O (Merck KGaA, Darmstadt, Germany) in a liter of deionized water 
(resistivity >18.2 MΩcm). Freshly prepared solutions were used in the experiments. 
Separate working solutions containing As(V) concentrations of 0.05, 0.1, 0.2, 0.4, 0.8, 
1.6, 3.2, 6.4, 12.8, and 25 mg/L for adsorption tests using Qz and 0.05, 0.1, 0.2, 0.4, 
0.8, 2, and 4 mg/L As(V) in the experiments with STL were prepared in a deionized 
water. As(V) stock solution was stored at 278.15 K in polyethylene plastic bottles to 
prevent speciation changes. In such conditions, arsenic was found stable for three 
months as indicated in literature (Hall et al. 1999). 0.1 M HCl and 0.1 M NaOH were 
used for pH adjustments. pH of the solution was monitored prior to and after each 
adsorption using a digital pH meter (ORION star A211). The effect of co-occurring 
anions from sodium salts of: NO3-, Cl-, HCO3-, CO3-, SO42-, and PO43- on As(V) 
adsorption was investigated at conditions of initial concentration 2 mg/L As(V), 
adsorbent dose 20 g/L Qz, pH 3.5, and at room temperature while varying the co-
occurring anion concentration from 10 to 500 mg/L. 
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4.2.2 Adsorbent processing and characterization 
In this study, Qz and STL were obtained from Hashengie, Ethiopia. The collected 
samples were washed several times with deionized water after each stage of grinding 
and dried. The adsorbents were ground and sieved by ASTM E-11 Laboratory Test 
sieve of 300 µm mesh size. The adsorbents were identified using XRD patterns of fine 
grinded powder samples recorded on a Bruker D8 ECO equipped with a Cu tube 
anode and the Lynxeyexe energy-dispersive position sensitive detector. The incident 
beam was automatically collimated. The tube was operated at 40 kV and 25 mA, and 
the XRD data were collected in a θ, 2θ geometry from 3.00° onwards, at a step of 
0.010° 2θ, and a count time of 48 seconds per step. Concentrations of constituent 
elements of both adsorbents, Qz and STL, were measured in duplicate using ICP-
OES (VISTA-MPX CCD, Varian, Palo Alto, CA) after microwave-aided acid digestion 
according to EPA method 3052 cited therein Da Silva et al. (2014).Therefore,              
0.5 g well-mixed adsorbents and a CRM (certified reference material, for quality 
control) were weighed accurately in Teflon vessels. Subsequently, 9 ± 0.1 mL 
concentrated nitric acid and 4 ± 0.1 mL concentrated hydrochloric acid was added to 
the Teflon vessel in a fume hood. After 1 h, 4 ± 0.1 mL concentrated hydrofluoric acid 
was added to the mixture. Then, it was digested in a microwave oven at a temperature 
of 473.15 K, a pressure of 500 psi, and a power of 1000 W for 20 minutes, with these 
conditions being reached in 15 minutes. Subsequently, 40 mL of a 4% (w/v) solution 
of boric acid was introduced into the solution to safeguard the ICP-OES from fluoride 
of hydrofluoric acid. Finally, the suspension was filtered over acid resistant 0.45 µm 
filters (Whatman 542, Whatman International Ltd) in 100 mL volumetric plastic flasks, 




4.2.2.1 Determination of Pzc 
The point of zero charge of Qz and STL was estimated using a batch equilibrium 
technique described in literature (Borah and Senapati 2006; Sepehr et al. 2014). For 
this, 50 mL of 0.1 M NaNO3 (Merck, Darmstadt, Germany), i.e. a solution of inert 
electrolyte, was added into beakers and the initial pH values were adjusted to values 
from 2.5 to 12, in intervals of 0.5, using 0.1 M solutions of NaOH or HCl. Thus, 1 g of 
each adsorbent was added to each solution and the suspension was shaken until 
equilibrium time (24 h). Then, final pH values were recorded. By plotting the initial pH 
values versus the solution pH at equilibrium. Pzc of the adsorbents could be obtained 
from the plateau of constant pH. The addition of small amounts of concentrated inert 
electrolyte causes a shift of pH towards Pzc, whereas no shift is observed at Pzc 
(Kallay 2000). 
4.2.2.2 Surface area and bulk density determination 
An aliquot (0.5 g) of each adsorbent was poured into 50 mL solutions containing 150 
mg/L methyl blue in volumetric flasks. The solutions were shaken for 24 h                          
to equilibrate based on literature (İnel and Tümsek 2000). Afterwards, the amount of 
methyl blue solution remained as supernatant was determined using a Jenway 6400 
Spectrophotometer set at 663 nm. The adsorbed amount of methyl blue concentration 
was calculated from the difference between initial and equilibrium concentrations. 
Then, specific surface area (SSA) was estimated according to Eq. 4.1 (Tewari and 
Thornton, 2010). 
SSA = qmax × N × A                                                                                                     4.1 
75 
 
Where qmax is a monolayer capacity in mole per gram of adsorbed amounts of 
methylene blue, N is Avogadro number (6.019 x1023) and A is area per molecule on 
the surface. The area adsorbed per molecule of methylene blue is assumed to be 1.69 
× 10-18 m2 (Amode et al. 2016). 
For bulk density determination, a graduated 25 mL glass cylinder was weighed (W1). 
The weight of the adsorbents (dried at 378.15 K for 12 h) filled to the mark plus the 
cylinder was recorded as W2. Then, the bulk density was calculated as: (W2-W1)/25 
mL. 
4.2.3 Batch adsorption experiments 
The batch adsorption process was undertaken using a horizontal GFL shaker               
(D 30938, memmert, Germany). Equilibrium solution was collected by a syringe and 
filtered over a Millipore Chrome AFiL RC-4/25 membrane filter with pore size of 0.45 
µm. The filtrate was then analyzed using ICP-MS, ELAN DRC-e (PerkinElmer 
Sciex) for the amount of arsenic that remained unsorbed. The filtrate was also tested 
for a range of elements using ICP-OES to see the leachability of each ions from the 
adsorbent. 10 ppb Ga-Rh internal standard was used to correct for non-
spectral interferences. The batch adsorption experiments were performed in triplicate, 
and the average results were reported, together with error bars based on standard 




Fig. 4.1. A scheme of experimental setup to study batch adsorption of As(V) using 
Qz adsorbent 
 
4.2.4 Effect of contact time 
The effect of contact time was studied in an experiment conducted at a pH of 6.50, 
each adsorbent dose of 10 g/L being added in 25 mL solutions, and 2 mg/L As(V). 
Then, these solutions were shaken with 200 rpm at room temperature for time intervals 
from 30 min. to 30 h. The resulting suspensions were analyzed for As concentration 
according to the procedure described in section 4.2.3.  
4.2.5 Effect of pH and Redox potential 
The effect of solution pH was investigated to determine the optimum pH for As(V) 
removal. The initial pH was studied in the range 3.00 to 11.50. A dose of 10 g/L 
adsorbents and 2 mg/L of As(V) aqueous solution adapted to a desired pH value were 
performed in the process of adsorption. The resulting suspensions were analysed for 
As concentration following the procedure described in section 4.2.3. 
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Oxidation-reduction potential (ORP) was determined using HQ11d portable single 
input, pH/ORP meter with IntelliCAL MTC101 ORP probe. A direct measurement 
method was used to measure ORP of the solution. Freshly prepared ORP standards 
were measured for calibration. Then, triplicate samples of test solution, 50 mL of            
2 mg/L As(V), were prepared and transferred to clean glass bottles. Each sample was 
analyzed by inserting the tips of the electrode into the sample solution at temperature 
298 K.  
 4.2.6 Adsorbent dose evaluation 
The effect of the adsorbent dose was studied in ranges 4 to 80 g/L to evaluate most 
economical and optimal dose for each adsorbent. In order to obtain the adsorption 
efficiency (η) and capacity, the amount of ions adsorbed was calculated based on Eq. 




× 100                                                                                                      (4.2) 
  q(t) = (
(𝐶𝑜−𝐶(𝑡)
𝑚
) × 𝑉                                                                                              (4.3) 
Where q(t) is the amount of As(V) removed from solution (g/kg); Co is initial 
concentration of As(V) in solution before mixing with adsorbent (mg/L); Ce is the 
equilibrium concentration of As(V) left in the solution (mg/L); V is the solution volume 
(L), and m is the weight of adsorbent in kilogram (kg). 
4.2.7 Desorption study 
To evaluate regenerability of the adsorbents, NaOH (0.1 M) and betaine (0.01 M) 
solutions were used in the desorption experiments. Initially, the adsorbents were 
treated with 2 mg/L As(V) solution, setting the solution at optimal conditions (pH 3.50, 
dose 20 g/L, 298.15 K, 200 rpm, and 24 h). After adsorption, the suspensions were 
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centrifuged at 9800 rcf for 1 min. using an Eppendor 5804R centrifuge (Eppendorf AG, 
Hamburg). Then, the adsorbents were separated by decantation and dried at 343.15 
K for 24 h. Desorption was conducted by shaking the As(V)-loaded adsorbents under 
similar conditions as adsorption step, except the pH. The desorbed amount of As(V) 
was determined in the supernatant solution after filtration over a 0.45 µm membrane 
filter. 
4.2.8 Sequential extraction: case of Qz adsorbent 
Ten adsorbent samples of 1 g each Qz, five of them loaded with 0.0824 g/kg As(V) at 
pH 3.50 and five loaded with 0.0325 g/kg at pH 7.00, were extracted with a five-
step sequential extraction procedure adopted from Wenzel et al. (2001). In this 
procedure, subsequent extractions were conducted on the solid residues collected 
after centrifugation in each consecutive extraction step. Therefore, 1 g of each 
adsorbent loaded with As(V) was placed in a 45 mL centrifugation tube and 25 mL of 
each extraction reagent was subsequently added in order of increasing extraction 
strength as follows: (1) 0.05 M (NH4)2SO4 shaken at 200 rpm at a temperature of 
293.15 K for 4 h; (2) 0.05 M NH4H2PO4 shaken at 200 rpm at a temperature of  293.15 
K for 16 h; (3) 0.2 M NH4- oxalate buffer, pH 3.25, shaken at 200 rpm in the dark at 
293.15 K for 4 h; (4) 0.2 M NH4-oxalate buffer + ascorbic acid, pH 3.25, heated in a 
water bath at 369.15 K for 30 minutes and (5) microwave-assisted digestion using 
HNO3/H2O2. These five steps are to extract As fractions assumed to be primarily 
associated with non-specifically sorbed; specifically-sorbed; short-range ordered 
hydrous oxides and poorly-crystalline hydrous oxides of Fe and Al; well-crystallized 
hydrous oxides of Fe and Al; and residual phases, respectively, for the stated 1 to 5 
steps above. For the latter HNO3/H2O2 extraction, 8 mL of 65% HNO3 and 4 mL of 
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30% H2O2 were added to the residue of the previous extraction step, followed by 
microwave digestion at a pressure of 34.02 psi, a temperature of 473.15 K, a power 
of 1000 W, and with a raise time of 20 minutes and hold time of 15 minutes (Mketo et 
al. 2015). After each extraction step, the samples were centrifuged at 3000 rcf for 5 
min. Then, from each extracted solution, part of the solution to be used for arsenic 
analysis was collected using a syringe and filtered using a 0.45 µm Millipore Chrome 
AFiL RC-4/25 membrane filter. The remaining solution was carefully decanted to 
collect the solid residue for the next extraction step. To observe the method validity 
(sequential extraction step), precision and accuracy of the data were estimated using 
coefficient of variation and percent error, respectively. 
4.3. Results and Discussion 
4.3.1 Characterization of the adsorbents 
The adsorbents were characterized by powder XRD for mineral phase identification. 
And total elemental analysis was performed using ICP-OES (VISTA-MPX, Varian 
version 2.0). The XRD pattern was compared with patterns of references, which 
revealed the identity of each mineral present in the sample. During the XRD 
interpretation, software program (X'Pert HighScore version 1.0 a) was also used. In 
one of the adsorbents, referred to as stellerite tuff (STL), almost all peaks of the XRD 
pattern were matched with stellerite, confirmed by peaks at d= 0.903 nm, 0.406 nm 




































The second adsorbent, referred to as quartz tuff (Qz), is almost completely composed 
of quartz. For example, the major peaks at d= 0.334 nm (I=100); d= 0.426 nm (I=35); 
d= 0.181 nm (I=15), and minor amounts of feldspar, diopside, traces of stilbite and 
stellerite (Fig. 4. 2b). Moreover, elemental composition analysis revealed the presence 
of iron and aluminum (Table 4.1). 
Table 4.1. Physicochemical properties (composition of elements in mass %) 
Adsorbents Qz STL 
Si  27.01 33.01 
Al 0.09 5.45 
Fe 0.95 0.55 
Ca 0.08 4.35 
Mg  0.04 0.07 
K  0.05 0.10 
Na  0.23 0.12 
pH in water  7.81 8.19 
Pzc  7.38 6.99 
Specific surface area (m2/ g)  20.00 35.50 
Bulk density(g/cm3) 1.88 1.03 
 
4.3.2 Effect of contact time  
The dependence of As(V) adsorption on contact time is illustrated in Fig. 4.3. The 
adsorption capacities increase with increasing contact time until the state of 
equilibrium is reached. In this experiment, the removal seemed to stabilize after 24 h. 
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Therefore, 24 h was chosen as contact time for both adsorbents for the next 
experiments. It was observed that relatively faster adsorption removal of As(V) was 
achieved by both adsorbents up to 12 h exposure.  
  
Fig. 4.3. Effect of contact time on As(V) removal (Conditions: initial As(V) 
concentration 2 mg/L, adsorbent dose 10 g/L, temperature 298.15 K, initial pH 
6.50, and agitation speed 200 rpm). 
4.3.3 Point of zero charge (Pzc) 
Pzc of adsorbents which is defined as conditions by which sorbents’ surface charge 
density becomes zero, was found to be 7.38 and 6.99 for Qz and STL, respectively 
(Fig. 4.4). This lays within the range of Pzc values of oxides of α-Al2O3 of corundum, α-
Fe2O3 of hematite, and Fe3O4 of magnetite which is in the range of 6.6-9.1 (Brown et 
al. 1999). The Pzc of natural zeolitic tuffs primarily clinoptilolite from Zlatokop deposit, 
Serbia was found to be 6.8 according to Daković et al. (2010), and 7.5 as reported by 
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Šljivić et al. (2009). Differences in Pzc of zeolitic tuffs reported were supposed to be 
due to the mineralogical compositions, like Al/Si ratios, nature of crystallinity, and the 
amount and type of impurities in the sorbent (Dakovi´c et al. 2010). The point of zero 
charge values for solid matrices are different from pure oxide minerals (Taubaso et al. 
2004). During the adsorption experiment, as the initial solution pH values were higher 
than the point of zero charge, the sorbents brought pH final near to Pzc. Whereas 
adsorption processes at initial pH values lower than the Pzc tended to increase pH 
final to near the Pzc of the sorbents. The pH after adsorption, final pH, was found to 
range from 5.76 to 6.78 and from 5.40 to 6.00 for Qz and STL adsorbents, respectively 
(see Fig. 4.7) which actually is near the point of zero charge, indicating the high 
buffering capacity of both adsorbents.  
 
Fig. 4.4. Point of zero charge (Pzc) determination of adsorbents  
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4.3.4 Effect of solution pH and redox potential 
Oxidation-reduction potential (ORP) and pH can control environmental forms of 
arsenic. Thus, to better describe which arsenic species were involved in the adsorption 
process, the pH of equilibrium solution and redox potential were monitored. Based on 
the measured solution pH at equilibrium and redox potential, each arsenic form was 
estimated using visual MINTEQ 3.1 (a chemical equilibrium model/software). The 
arsenic forms predicted at the measured ORP from the initial As(V) solution as function 
of equilibrium solution pH is illustrated in Fig. 4.5. The results showed that the ORP 
decreased from 357 mV to 200 mV when the pH increased from 3.00 to 6.80, 
predicting that the H2AsO4− form of As(V) predominates in such conditions, whereas in 
the pH range of 6.8 to 12, the HAsO42− form of As(V) occurred as major entity. Above 
pH 12, AsO43− was shown to dominate. In general, H2AsO4− was found to be the 
primary constituent of As(V) in our experimental conditions. The occurrence of As(V) 
as dominant ion (65 to 98%) at higher redox levels in the range 500-200 mV and at 
low pH (less than about pH 6.9) was well documented in literature (Masscheleyn et al. 
1991; Mohan and Pittman 2007). More specifically, it was also previously reported in 
literature that H2AsO4- is predominant in pH 2-7, HAsO42- in the range of pH 7-12, and 




Fig. 4.5. Theoretical prediction of arsenic speciation using visual MINTEQ 3.1 from 
measured OPR (350 mV), and pH at temperature of 298.15 K. 
The influence of solution pH on As(V) removal and buffering capacities of the 
adsorbents are presented in Fig. 4.6 & 4.7. It could be noted that both adsorbents 
removed As(V) effectively over the initial pH range of 3-6. Higher removal of As(V) 
under acidic pH could be due to the contribution from coulombic attraction of As(V) 
oxyanions with adsorbents (Xu et al. 1988; Xu et al. 2002). The effect of pH on As(V) 
adsorption decreased smoothly from 97% to 30% when the pH increased from 3.50 to 
6.20 for Qz adsorbent. Further reduction in adsorption efficiency to 25% with 
irregularities when pH increased from 6.20 to 7.5 might be due to the combined effects 
of the anionic existence of arsenic and being the adsorbent remain cationic until its 
Pzc, 7.38 for Qz. Whereas As(V) removal decreased from 65% to 30% for the case of 
STL and fluctuations afterwards. The maximum adsorption of As(V) appeared at pH 
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3.5, thus, pH 3.5 has been employed for consecutive adsorption processes. Observing 
the pKa values of H3AsO4 such as Ka1= 2.3, pKa2= 6.8, and pKa3= 11.6 in water, which 
is associated with its dissociation is important to see the main forms and adsorption 
affinity of As(V) (Wei et al. 2016). pH is related with pKa by Henderson-Hasselbalch 
equation. Thus, it was concluded from literature and experimental data that, H2AsO4- 
predominates up to pH of about 7.0. With this acidic pH, adsorbents remain cationic 
in nature until their Pzc. Thereafter, the enhanced electrostatic repulsion plus the 
potential competition of As(V) oxyanions with hydroxyl ions to the surface should be 
responsible for the decreased removal of As(V) observed under alkaline conditions. In 
general, the change in pH values would influence a broad spectrum of conditions in 
the solution and adsorbate-adsorbent interactions. 
The buffering capacities of adsorbents which could be explained by the amphoteric 
nature of Si, Al, and Fe oxide surfaces were indicated to influence adsorption process 
(Li et al. 2012). Adsorption capacity enhancement due to buffering capacity was 
demonstrated in the use of natural iron ores (Zhang et al. 2004) and zeolite sorbents 
as to possess high As(V) sorption (Shevade and Ford 2004). Moreover, the presence 
of calcium carbonate in calcareous soils was reported to show a very high soil buffer 
capacity. Remarkably, this experiment showed that the responsible mechanism of 
As(V) removal was supposed to be affected by the process to gain the final pH of the 
solution from the initial set. This was most likely from the formation of favorable surface 
charges onto short-range ordered and hydrous oxides of iron, silicon, and aluminum 
groups of Qz and STL.  
Hydrous oxides of iron and aluminum have strong affinity for As(V) oxyanions, 
expected to be due to ligand exchange and inner-sphere complexation reactions. 
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Ligand exchange and inner-sphere complexation sorption behavior of As(V) was 
found in previous literature with different soils and minerals (Fufa et al. 2014; Kim et 
al. 2014; Sverjensky and Fukushi 2006; Wenzel et al. 2001). It is evidenced that Fe 
and Al (hydr)oxide bearing adsorbents are efficient in As(V) removal processes 
(Katsoyiannis and Zouboulis 2004). Thus, the plausible mechanisms involved Eq. (4.9) 
and (4.10) in the adsorption of As(V), and the behavior of adsorbate and adsorbent 
species in the aqueous solution Eq.(4.3-4.7) can be proposed. 
At pH < Pzc (working condition): 
H3O+ + HAsO4-2 ↔ H2AsO4-   + H2O                                    (4.4) 
H2AsO4- + H2O ↔ H3AsO4 + OH-                  (4.5) 
HAsO42- + H2O ↔ H2AsO4- + OH-       (4.6) 
Further, considering the adsorbent at both basic and acidic conditions: 
           ≡MOH2+ ↔ ≡MOH + H+                  (4.7) 
  ≡MOH ↔ MO-  +  H+                   (4.8) 
≡MOH2+ + H2AsO4- ↔ MOH2--- H2AsO4                  (4.9) 
≡2MOH2+ + HAsO4-2 ↔ (MOH2)2--- HAsO4                (4.10) 




Fig. 4.6. Effect of pH on the removal of As(V) (Conditions: initial As(V) concentration 
2 mg/L As(V), adsorbent dose 10 g/L, contact time 24 h, temperature 298.15 K, 







Fig. 4.7. Effect of A(V) adsorption on the initial pH using Qz (Conditions: initial As(V) 
concentration 2 mg/L , adsorbent dose 10 g/L, contact time 24 h, 
temperature 298.15 K, and shaking speed 200 rpm) 
4.3.5 Sequential extraction: Evaluation of adsorption mechanism  
To further investigate the mechanism of As(V) adsorption, sequential extraction of 
As(V) onto the Qz, initially loaded with As at pH 3.50 and 7.10 was conducted. The 
results showed that As(V) is primarily associated with NH4-oxalate buffer extractable 
fraction which is 65.5% when the adsorbent was loaded at pH 3.50, pointing towards 
the short-range ordered hydrous oxides of iron and aluminum as the major causes of 
adsorption. The (NH4)H2PO4 fraction of 32.4% indicated arsenic being specifically 
sorbed onto the surface of Qz (Fig. 4.8). Only few As is found in the NH4-oxalate buffer 
+ ascorbic acid, (NH4)2SO4 extractable, and residual phases for As(V)-loaded sorbent 
at pH 3.50. Similar mechanism was observed when the adsorbent is loaded with As(V) 
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at pH 7.10. Fractionation profiles were similar compared to the profiles of the 
adsorbent loaded at pH 3.50, but relatively smaller fraction of As(V) was found in 
(NH4)2PO4 fraction. However, in NH4-oxalate buffer, even more As(V) fractions were 
extracted, 86% As(V) fractions. Next to NH4-oxalate buffer extractable fraction, 
(NH4)2PO4 was the one entailing presence of specific surface complexes as 
mechanism in the adsorption process.  
 
Fig. 4.8. Sequential extraction of As (V) from loaded Qz 
During the sequential extraction analysis, validity of the data (precision and accuracy) 
was estimated for both groups of samples loaded by adsorption at pH 3.50 and 7.10. 
Precision (closeness among each data points), in this case explained using coefficient 
of variation, was calculated and found to be below 5% for fractions 1 to 5 made in the 
sequential extraction of five replicates. The percent error estimated to explain 
accuracy of the method and obtained from the formula: ((amount of As(V) initially 
adsorbed in the given mass of adsorbent (as a true value)-(pseudo) total amount from 
the sum of each fractions of arsenic)/ amount of As(V) initially adsorbed in the given 
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mass of adsorbent)) x100% was found ≈ 6%. These cases indicated reasonable 
precision and accuracy of the method. 
4.3.6. Effect of adsorbent dose 
The effect of the adsorbent dose was studied from 4 to 80 g/L to evaluate the optimal 
and most economical amount of the adsorbent. As(V) adsorption at varying 
adsorbents dose is presented in Fig. 4. 9a & b. The adsorption efficiency of As(V) 
showed to increase with increasing adsorbents dose. The increase in the adsorption 
efficiency with an increase in the adsorbent dose can be attributed to the increase in 
the number of active adsorption sites. In the study, for a fixed concentration of As(V) 
involved (2 mg/L), its removal efficiency did not show significant change above an 
adsorbent dosage of 20 g/L. Therefore, 20 g/L adsorbent dose was used for 
subsequent adsorption. Alternatively, As(V) adsorption capacity decreases with an 
increase above adsorbent dose of 10 g/L. Such decrement in adsorption capacity is 
attributed to the fact that As is distributed over the surface of the adsorbent when the 






Fig. 4.9. Effect of adsorbent dose on the removal of As(V) using Qz (a) and STL (b) 
adsorbents (Conditions: initial As(V) concentration 2 mg/L, temperature 298.15 





4.3.7 Effect of initial As(V) concentration 
The adsorption capacities of both adsorbents, Qz & STL increase with an increase in 
initial As(V) concentrations (Fig. 4. 10a & b). It was observed that As(V) concentration 
of 0.8 mg/L at an adsorbent dose of 20 g/L Qz decreased to below 0.01 mg/L using 
Qz , whereas initial As(V) concentration up to 0.1 mg/L of As(V) reduced to below 0.01 
mg/L (the WHO standard for As in drinking water) using STL under the same operation 
conditions. The capacities of selected similar adsorbents for adsorption of As(V) are 
summarized in Table 4.2 in relation to different operating conditions. 
Table 4.2. Summary of maximum adsorption capacities of some selected adsorbents 
 
Type of adsorbents         Removal 
capacity 




Natural mordenite 1.299    10 g/L <4.2 (Chutia et al. 2009b) 
Natural 
clinoptilolite  
0.699   10 g/L <5.2 (Chutia et al. 2009b) 
Hematite 0.202    2-8 (Guo et al. 2007) 
Biotite 0.45  4.6 - 5.6 (Chakraborty et al. 2007) 
Termite mound 13.50   2 g/L 3-10 (Fufa et al. 2014) 
Modified beidellite  0.476-0.841    4-11 (Bektaşa et al. 2011) 
Red mud   
 
0.51      2.3 (Altundogan et al. 2000) 
Kaolinite 0.86 40 g/L 5 (Mohapatra et al. 2007) 
Illite 0.52 40 g/L 5 (Mohapatra et al. 2007) 
Montmorillonite 0.64 40 g/L 5 (Mohapatra et al. 2007) 
Quartz tuff (Qz) 0.42    20 g/L 3.5 This study 




4.3.8 Adsorption isotherms 
The empirical isotherm models (e.g., Langmuir and Freundlich) are valid only for the 
chemical conditions under which the experiment was conducted. Langmuir model is 
based on the assumptions that the adsorbate is adsorbed on a fixed number of active 
sites, all being energetically equivalent, and with no interaction between the ions 
(Langmuir 1918). The Freundlich isotherm model is usually used in special cases of 
heterogeneous surface energy characterized by the heterogeneity factor 1/n. The non-
linear forms of Langmuir and Freundlich isotherms are given in Eq. 4.11 & 4.12, 
respectively. 
Langmuir : qe =
qmaxbCe
1+bCe
                                                                                        (4.11)  
Freundlich: 𝑞𝑒 = 𝑘𝐶𝑒
1
𝑛                                                                                    (4.12) 
Non-linear Langmuir and Freundlich adsorption isotherm plots are shown in Fig. 4.10a 
& b for the equilibrium adsorption of As(V) on both Qz and STL. The maximum 
adsorption capacity of 0.42 g/kg using Qz and estimated adsorption capacity for the 






Fig. 4.10. Equilibrium sorption isotherms for As(V) removal using Qz (a) and STL (b) 
(conditions: adsorbent dose 20 g/L, initial pH 3.50, contact time 24 h, 




Langmuir model (adjusted R2 = 0.9870) fitted better for Qz compared to the Freundlich 
model (adjusted R2 = 0.9151), whereas Freundlich model fitted better for STL. This is 
based on the observation that adjusted R2 values of 0.9920 for Qz and 0.9993 for STL. 
On top of that the examination of distribution of residuals (experimental sorbed amount 
of As(V) minus theoretical fitted sorbed amount) along the isotherm were tested for 
their closeness. The nature of favorability of adsorption can be predicted by evaluating 




                                                                                                                  4.13 
Where Co (mg/L) is the initial As(V) concentration; and b (L/mg) is the Langmuir 
constant. During adsorption of As(V) by Qz, the RL value computed was found in range 
of 0.007 to 0.786 for concentration ranges of 25 mg/L to 0.05, with decreasing in the 
RL value at high initial concentrations. The value of RL were found within the range 0 
< RL < 1, signifying favorable equilibrium adsorption of As(V). 
4.3.9. Influence of co-existing ions on As(V) sorption 
The impact of presence of anions expected to occur together with As in water, 
including chloride, carbonate, bicarbonate, nitrate, sulphate, and phosphate, on the 
removal of As(V) was investigated and the results are demonstrated in Fig. 4.11. 
Chloride, sulphate, bicarbonate, and nitrate present in common concentration ranges 
showed negligible influence on As(V) removal, whereas phosphate reduced As(V) 
removal by competing with arsenic for active sites, although there were evidences that 
some adsorbent surfaces are uniquely have moderate preference for adsorption of 
either As(V) or phosphate (Jain and Loeppert 2000; Sø et al. 2012). The competition 
and influence of phosphate to arsenate has been elucidated by several authors 




Fig. 4.11. Effect of co-occurring ions on the efficiency of As(V) removal (Conditions: 
adsorbent Qz, 2 mg/L As(V), pH 3.5, equilibration time 24 h, shaking speed 200 
rpm, temperature 298.15 K, adsorbent dose 20 g/L). 
 
It was described that as phosphate concentration varies from 0-2.9 mg/L, As(V) 
removal efficiency reduced nearly 100% to 60% relative to control using maghemite 
nanoparticles as adsorbent (Tuutijärvi et al. 2012). In the adsorption of equimolar 
amounts of arsenate and phosphate, arsenate was preferably sorbed onto the 
adsorbents’ surface than phosphate using birnessite, pyrolusite, goethite, nontronite, 
and ferruginous smectite (Jain and Loeppert 2000; Manning and Goldberg 1996; 
Violante and Pigna 2002). It is important to note that, phosphate is absent or usually 
present at lower concentration levels, e.g. 0.21 mg/L, in ground waters of Ethiopia 
(Rango et al. 2010).  
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4.3.10. Desorption study and applicability 
0.1M NaOH and 0.01 M betaine solutions were used in the desorption experiment. 
Nearly 67% and 63% of the adsorbed As could be desorbed when using 0.1 M NaOH 
and 0.01 M betaine, respectively. Thus, more than one desorption step seem to be 
required for complete desorption. Further work is needed focusing on regeneration to 
use the adsorbents in cost effective ways in upscaling the system to field scale. 
To observe the applicability of the sorbents, the leachability of Qz for its constituent 
elements was evaluated. Residual concentrations (in mg/L) of Fe 1.925, Mn 0.190, Ni 
0.010, Pb 0.018, and Zn 0.014 were detected in the filtrate, revealing each ion be 
below the MCL values for drinking water recommended by WHO. Other elements such 
as Al, Si, Cd, Cr, Cu, and Co were found below the method detection limit of ICP-OES 
used for determination. For STL as well, the concentrations of elements (mg/L) in the 
residual solution obtained under the equilibrium conditions were: Fe 0.910, Mn 0.110, 
and others such as Al, Si, Cd, Cr, Cu, and Co were found below the detection limit of 
the instrument. 
4.4 Conclusion 
Ethiopian quartz rich tuffs (Qz) and stellerite tuffs (STL) were effective adsorbents for 
removal of wide concentration levels of As(V) which is expected to occur in ground 
and surface waters. Qz and STL reduced As(V) concentrations to below the WHO’s 
guideline values from initial concentrations of 0.8 and 0.1 mg/L aqueous solutions, 
respectively. Sequential extraction of As(V)-loaded adsorbents showed that the 
adsorption was due to the presence of short-range ordered and hydrous oxides of iron 
and aluminum. Remarkably, the results of this study showed that the mechanism of 
adsorption was also well influenced with final pH of the solution.  
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Chapter Five: Use of natural mineral tuffs for As(III) removal from aqueous 
solutions 
Fekadu Melak, Gijs Du Laing, Argaw Ambelu, Eric Van Ranst, Esayas Alemayehu 
(Manuscript submitted to journal, under review) 
 
Abstract  
Natural quartz tuff (Qz) and stellerite tuff (STL) from Ethiopia were investigated for the 
removal of arsenite, As(III), from aqueous solutions. Important parameters influencing 
adsorption, such as solution pH, adsorbent dose, and initial concentration of As(III) 
were evaluated in a batch experiment. Monolayer adsorption capacities of 0.316 and 
0.294 g/kg of As(III) were achieved for Qz and STL, respectively. Removal capacities 
were assessed at optimal conditions of initial pH 3.00, adsorbent dose 20 g/L, and 
equilibrium time of 24 h in a range of As(III) concentrations. The plausible mechanism 
of As(III) adsorption for Qz adsorbent cases was a specific binding to short-
range ordered hydrous oxides of iron and aluminum as evidenced from sequential 
extraction of As(III)-loaded Qz. On top of that, the high buffering capacity of the 












 Arsenic (As) is among the elements included in the priority list of hazardous 
substances which causes severe health risks in many countries of the world (ATSDR 
2000). It is a naturally occurring element most importantly released into water supply 
via weathering of arsenic-bearing rocks and minerals. Arsenic is a constituent of more 
than 245 minerals, including arsenides, sulphides, and oxides, indicating geology as 
a natural source of arsenic (Mandal and Suzuki 2002). MAsS and MAs2 (M 
= Fe, Ni, Co) minerals are among the dominant commercial mineral sources. In 
addition to natural sources, arsenic pollution from anthropogenic activities, such as 
application of wood preservatives, industrial applications, lead and zinc production, 
and pesticide uses, has intensified arsenic pollution. 
Arsenic occurs in various oxidation states in the environment, with As(III) and As(V) 
being the dominant species in water. In anoxic groundwater and other reducing 
waters, inorganic arsenite commonly hydrates to arsenious acid, which primarily exists 
as dissolved H3AsOo3 at pH below 9.2. Arsenious acid dissociates into the anions 
H2AsO3−, HAsO3−, and AsO33− under more alkaline conditions, where the existence of 
each anion becomes less likely in their order written (Cavalca et al. 2013; Masscheleyn 
et al. 1991). As(III) is a hard acid, and preferentially complexes with oxides and 
nitrogen (Mohan & Pittman 2007; Morgadaa et al. 2009).  
Several treatment methods have been commonly applied for the removal of As(III) 
from water including adsorption, coagulation/precipitation, and reverse osmosis (Anto 
and Annadurai 2012; Hering et al. 1997; Ning 2002). Adsorption is a promising As(III) 
removal technique which has been widely reported. Iron based oxides and hydroxides, 
activated alumina, iron modified activated carbon, silica and biological materials, and 
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iron-coated sand were among commonly tested adsorbents (Babel and Kurniawan 
2003; Banerjee et al. 2008; Mohan & Pittman 2007; Pokhrel and Viraraghavan 2006; 
Thirunavukkarasu et al. 2001). The practical applicability of low–cost adsorbents was 
previously limited either due to low efficiency, need for pH adjustment, problems 
related to sorbent dissolution or cultural taboo. Moreover, detailed mechanistic 
approaches are scanty studied in most literatures. However, understanding the 
mechanism of adsorption in As(III) removal could help for selection of appropriate 
sorbents. 
The major objectives of this work were, therefore, to assess capacities of Qz and STL 
when removing As(III) from aqueous solutions, and to evaluate the mechanism of 
adsorption. The As(III) adsorption behavior and performance of the adsorbents were 
studied in different batch experiments. 
5.2 Materials and Methods 
 5.2.1 Reagents 
A 1000 mg/L As(III) solution was prepared by dissolving 1.734 g of sodium arsenite, 
NaAsO2 (Merck, Darmstadt, Germany), in 1L deionized water. Calibration standard 
solution of 1000 mg/L As(III) (Merck KGaA, Darmstadt, Germany) was purchased and 
used to calibrate the instrument before measuring samples. Solutions used in the 
experiment were freshly prepared through subsequent dilutions using deionized water 
(resistivity >18.2 MΩcm), and using Milli-Q water and/or 1% HNO3 for standard 
preparations. As(III) stock solution was stored at 278.15 K in polyethylene bottles to 
prevent speciation changes, with arsenite remaining stable under such occasions for 
about three months (Hall et al. 1999). In all experiments unless stated otherwise, the 
pH of solutions was adjusted using 0.1 M HCl and 0.1 NaOH. Solution pH was 
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monitored prior to and after each adsorption using a digital pH meter (ORION star 
A211).  
5.2.2 Adsorbents  
Natural quartz tuff (Qz) and stellerite tuff (STL) were obtained from Hashengie, 
Ethiopia. They were washed several times with deionized water to remove impurities. 
Both adsorbents were ground and sieved using ASTM E-11, a sieve of 300 µm mesh 
size. The adsorbents were characterized using X-ray diffraction (XRD) and inductively 
coupled plasma-optical emission spectrometry (Varian VISTA-MPX CCD 
Simultaneous, version 2.0, Palo Alto, USA). To define the chemical composition of the 
adsorbents, XRD patterns of finely ground powder were obtained on a Bruker D8 ECO 
with Cu anode incident beam. The anode tube was operated at 40 kV and 25 mA. 
XRD information was collected 3.00° onwards, at a step of 0.010° 2θ, with a time of 
48 seconds per each step. Constituent elements of adsorbents were analyzed after 
microwave-aided acid digestion according to EPA 3052 method (Da Silva et al. 2014). 
Finally, the suspension was filtered over an acid resistant 0.45 µm filter (Whatman 
542, Whatman International Ltd) in a 100 mL volumetric plastic flasks and analyzed in 
duplicate using ICP-OES. 
5.2.2.1 Determination of Pzc 
The point of zero charge (Pzc) of the adsorbents was determined in duplicate using 
batch equilibrium technique following Borah and Senapati (2006). Consequently, 50 
mL of 0.1 M NaNO3 inert electrolyte solutions (Merck, Darmstadt, Germany), were 
prepared and then the initial pH values were adjusted to values from 2.50 to 12.00. 
Therefore, 1 g of each of the Qz and STL was added to the solutions and shaken until 
equilibrium. Then, each solution was filtered and final pH values were measured. Pzc 
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of the adsorbents could be obtained from the plateau of pH obtained by plotting the 
initial pH values versus the solution pH at equilibrium. 
5.2.2.2 Determination of surface area  
0.5 g of each adsorbent was shaken in 50 mL solutions containing 150 mg/L methyl 
blue in volumetric flasks for 24 h. Then, the remaining methyl blue concentration was 
determined at the wavelength of 663 nm using UV-Vis spectrophotometry (Jenway 
6400) in accordance with literature (Inel and Tumsek 2000). The specific surface area 
(SSA) was calculated via Eq.5.1.  
SSA = qmax × N × A                                                                                                     5.1 
Where qmax is a monolayer capacity in mole per gram of methylene blue, N is Avogadro 
number (6.019 x1023) and A is area per molecule on the surface. The area adsorbed 
per molecule of methylene blue is assumed to be 1.69 × 10-18 m2 (Amode et al. 2016). 
5.2.2.3 Bulk density 
In the evaluation of bulk density, a graduated 25 mL glass cylinder was weighed and 
referred as (W1). The weight of each dried adsorbent, filled to the mark of the cylinder 
and the cylinder mass was recorded as W2. Finally, the bulk density was calculated 
as: (W2-W1)/ 25 mL. 
5.2.3 Batch adsorption experiments 
Batch experiments were performed using a 25 mL working solution at room 
temperature, 298.15 K, shaken at 200 rpm in a horizontal shaker (D-30938, Memmert, 
Germany) at all experimental conditions. Equilibrium solutions were collected by a 
syringe and filtered over a Millipore Chrome AFiL RC-4/25 membrane filter (pore size 
0.45 µm). The filtered aliquot in each batch adsorption test was then analyzed using 
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ICP-MS, ELAN DRC-e (PerkinElmer Sciex) for the amount of arsenic that remained in 
solution. Gallium (Ga)-Rhodium (Rh) internal standard was used to correct for non-
spectral interferences. The adsorption tests were conducted in triplicate reporting 
average results, together with error bars based on standard deviation of the triplicate 
5.2.4 Sequential extraction: A case on Qz  
Five adsorbent samples of 1 g Qz each loaded with 0.0720 g/kg As(III) at pH 3.00 
were extracted using a five-step sequential extraction procedure according to Wenzel 
et al. (2001). The extracting solutions listed 1-5, (1) 0.05 M (NH4)2SO4, (2) 0.05 M 
NH4H2PO4, (3) 0.2 M NH4- oxalate buffer, pH 3.25, (4) 0.2 M NH4-oxalate buffer + 
ascorbic acid, pH 3.25, and (5) HNO3/H2O2 were employed sequentially as described 
in chapter four subsection 4.2.8. 
5.2.5 Effect of contact time  
The effect of contact time was first evaluated in an experiment conducted to determine 
the equilibrium time. Effect of contact time was studied with the experimental 
conditions of pH 7.11, concentration 2 mg/L As(III) , adsorbents dose 10 g/L, and 
shaking speed 200 rpm at 298.15 K temperature. The contact time was varied 
between 30 min and 30 h. The residual solution was analyzed for As concentration 
according to the procedure described in section 5.2.3. 
5.2.6 Effect of pH and ORP 
The effect of solution pH was investigated from 3.00 to 12.00 with conditions of 
adsorbents dose 10 g/L, shaking speed 200 rpm, and 2 mg/L of As(III) solution at room 
temperature. Of the resulting equilibrium solution, 10 mL aliquot was sampled, filtered 
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through a 0.45 µm pore size membrane filter and analyzed for As concentration using 
ICP-MS.  
Oxidation-reduction potential was estimated using portable single input pH/ORP meter 
(HQ11d, IntelliCAL MTC101 ORP probe). Freshly prepared ORP standards for 
calibration were measured. Each sample was analyzed by inserting the tips of the 
electrode into the sample solution at a temperature of 298 K. The ORP measurement 
was designed carefully to avoid air bubbles during measurement. 
5.2.7 Adsorbent dose  
The effect of adsorbent dose was evaluated with the dose varying from 4 to 60 g/L to 
define the optimal dose for each adsorbent. The adsorption efficiency (η), reflecting 




× 𝟏𝟎𝟎                                                                                                     (5.2)  
5.2.7 Desorption study 
0.1 M NaOH was used for the desorption experiment. The desorption experiment was 
conducted by initially treating each of the adsorbents with 2 mg/L As(III). Adsorption 
of As(III) was obtained by shaking the solution, 2 mg/L As(III), at a speed of 200 rpm 
setting other parameters at optimal conditions of pH 3.00, dose 20 g/L, temperature 
298.15 K, and contact time 24 h. After loading As(III) onto each adsorbent, solutions 
were centrifuged at 9800 rcf for 1 min. using a 5804R centrifuge (Eppendorf AG, 
Hamburg). Separation of the adsorbents was done by decantation, and the adsorbents 
were dried at 343.15 K for 24 h. The desorption experiment was performed using 
As(III)-loaded adsorbents under optimal conditions, except pH. The desorbed amount 
of As was determined in the supernatant solution after filtration. 
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5.3. Results and Discussion 
 5.3.1 Characterization of the adsorbents 
XRD patterns of both adsorbents were compared with patterns of references to identity 
each mineral present in the sample. The chemical compositions of both adsorbent 
samples were analyzed using ICP-OES. Accordingly, one of the adsorbents, referred 
to as stellerite tuff (STL), was from the observation of peaks at d= 0.903 nm, 0.406 
nm, and 0.303 nm (Fig. 5.1a). The data also showed the presence of stilbite (STI) in 
the sample of the STL. In the second adsorbent, the major peaks at d= 0.334 nm 
(I=100); d= 0.426 nm (I=35); d= 0.181 nm (I=15) proved being the sample is mainly 
composed of quartz (Qz),  and minor amounts of feldspar, diopside, traces of stilbite 
and stellerite, and referred  as quartz tuff (Fig. 5.1b). Moreover, Table 5.1 describes 









Fig. 5.1. XRD patterns of the adsorbents: a) STL, b) Qz 
(a) 
(IJ) 
,. .. " 
: 
0 
•• •• •• "" 
108 
 
The elemental composition of Qz tuff was found different from pure quartz, which 
showed that Qz tuff is composed of more other volcanic materials. STL showed only 
slight variation in composition from pure stellerite.  
Table 5.1. Physicochemical properties (composition of elements in mass %) 
Adsorbents Qz STL 
Si  27.00 33.00 
Al 0.09 5.45 
Fe 0.95 0.55 
Ca  0.08 4.35 
Mg 0.04 0.07 
K  0.05 0.10 
Na 0.23 0.12 
pH in water  7.81 8.19 
Pzc  7.38 6.99 
Specific surface area (m2/ g)  20.00 35.50 
 
Bulk density (g/cm3) 1.88 1.03 
 
5.3.2 Effect of contact time 
As(III) adsorption efficiency as function of contact time is given in Fig. 5.2. Kinetic data 
showed that As(III) adsorption was relatively faster up to 10 h agitation time. Above 
ten hour, a slower adsorption process was observed until equilibrium. This could be 
due to the presence of more active adsorption sites on the surface at the initial stages. 
For both adsorbents, equilibrium was achieved after 24 h agitation as a result 24 h has 




Fig. 5.2.  Effect of contact time on As(III) removal (mean ± standard deviation, n = 3; 
conditions: initial As(III) concentration 2 mg/L,  adsorbent dose 10 g/L, solution 
pH 7.11, temperature 298.15 K, agitation speed 200 rpm). 
5.3.3 Effect of pH and ORP 
The effect of pH upon adsorption of As(III) on both adsorbents, Qz and STL, was 
tested and presented  in a range of pHs (Fig. 5.3). At the lower pH ranges, which is at 
less than Pzc of adsorbents (< 7.38 for Qz and < 6.99 for STL), the adsorbents were 
assumed positively charged. However, the major As(III) species is present in non-ionic 
form (H3AsO3) in the pH range of 0–9.2. Alternatively, at higher pH levels above 9.2, 
As(III) exists as negatively charged species and the surface of the adsorbents 
becomes negative in nature (Mondal et al. 2007). Consequently, As(III) removal 
decreased at higher pH values, pH> 9.2. Electrostatic repulsion as well as competition 
of hydroxyl ions should be responsible for the decrement of As(III) removal observed 
under basic conditions.  
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The pH of working solutions in the experiment was monitored before and after As(III) 
adsorption and results are shown in Fig. 5.4. Experiments indicated that Qz and STL 
showed high buffering capacities. For example, the shift of pH of the solution from 
initial pH 3.50 to nearly 5.30 for Qz and to 6.32 for STL at equilibrium indicated the 
buffering capacities of the adsorbents. This buffering capacity could be explained by 
the amphoteric nature of oxygen-containing groups at the surface of adsorbents. It 
was reported that high aluminum contents were an important factor governing 
improved performance in buffering capacity (Shevade and Ford 2004). Besides, As(III) 
is a hard acid and preferentially complexes with oxides (Mohan & Pittman 2007; 
Morgadaa et al. 2009). Observations of pH effects on As(III) adsorption using Qz and 
STL were generally similar to most of those obtained by using Fe(III)-Si binary oxide, 
single iron (III) oxides, ferrihydrite for As(III) removal (Raven et al. 1998; Zeng 2004). 
The degree of adsorption of arsenic is notably dependent on its forms in solution, 
which in turn depends on solution conditions, importantly redox potential and pH. The 
species occurring under the experimental conditions were predicted based on visual 
MINTEQ 3.1 as presented in Table 5.2.  
Table 5.2. As(III) forms as estimated by visual MINTEQ 3.1 at oxidation-reduction 
potential ORP 350 mV, initial concentration 2 mg/L As(III), pH 3.00, 
and temperature 298.15 K 







The predicted As(III) forms based on experimental data by visual MINTEQ 3.1 (Table 
5.2) and literature values in Table 5.3, indicated that the majority of As(III) exists as 
undisociated, H3AsO3, form in the experimental conditions. 
Table 5.3. Major As(III) forms in aqueous environment at various pH ranges  
              (Mondal et al. 2007) 











From the sequential extraction (Fig 5.5) and buffering effect analysis, the mechanism 
of As(III) adsorption onto Qz and STL could be mainly by ligand exchange of hydrous 
iron and/or aluminum (hydr)oxide. The ligand exchange mechanism could be as 
proposed in Eq. 5.3 & 5.4 (Maiti et al. 2007). 
≡MOH(s) + H3AsO3 (aq) → MH2AsO3 + H2O                                                          (5.3) 
2[≡MOH(s)] + H3AsO3 (aq) → [MHASO3M] + 2H2O                                                                  (5.4) 
≡MOH2+ + H2AsO3- → MOH2--- H2AsO3                                                                                     (5.5) 
Where M be Si, Al or Fe 
Similar adsorption mechanism was suggested for As(III) removal in literatures using 
natural laterite (Maiti et al. 2007), and magnetite nanoparticles (Liu et al. 2015) in pH 




Fig. 5.3.  Effect of pH on the removal of As(III) (mean ± standard deviation, n = 3; 
conditions: initial As(III) concentration 2 mg/L, adsorbent dose 10 g/L, contact 






Fig. 5.4.  The effect of adsorbents upon initial pH (mean ± standard deviation, n = 3; 
conditions: initial As(III) concentration 2 mg/L, temperature 298.15 K, adsorbent 
dose 10 g/L, contact time 24 h, agitation speed 200 rpm). 
5.3.4 Evaluation of adsorption mechanism  
To investigate the mechanism of As(III) adsorption, sequential extraction of Qz loaded 
with As(III) at pH 3.00 was conducted. The results revealed that As(III) primarily occurs 
in the NH4-oxalate buffer extractable fraction (60%), i.e., As is assumed to be sorbed 
to short-range ordered and poorly-crystalline hydrous oxides of iron and aluminum. 
The (NH4)H2PO4 fraction (30.01%) indicated arsenic being specifically sorbed onto the 
surface of Qz (Fig. 5.5). Only little arsenic is found in the NH4-oxalate buffer + ascorbic 




Fig. 5.5. Sequential extraction of As (III) from 0.0720 g/kg As(III) loaded sorbent (Qz)  
5.3.4 Effect of adsorbent dose 
Adsorption efficiency of Qz and STL for As(III) removal was studied by varying the 
adsorbents dosage (Fig. 5.6). It was found that the adsorption efficiency of As(III) 
increased with increasing adsorbents dose, which can be attributed to the increase in 
the number of active adsorption sites. Qz was more efficient as compared to STL at 





Fig. 5.6.  Effect of adsorbent dose on the removal of As(III) (mean ± standard 
deviation, n = 3; conditions: initial As(III) concentration 2 mg/L, temperature 
298.15 K, solution pH 3.00, contact time 24 h, agitation speed 200 rpm). 
5.3.5 Effect of initial As(III) concentration 
The effect of initial concentration on the adsorptive removal of As(III) was tested over 
a concentration range of 0.05 to 6.4 mg/L and 0.05 to 4 mg/L for Qz and STL, 
respectively. The calculated adsorption capacities were estimated from isotherm 
models. Langmuir adsorption isotherm model was initially derived in 1916 (Langmuir 
1916) for gas-solid sorption onto activated carbon, and has conventionally been used 
to describe relationships between adsorbate and adsorbent at equilibrium at constant 
temperature. The Langmuir isotherm model is assumed to be a homogeneous 
adsorption model, being each molecule is assumed to possess a constant enthalpy 
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and sorption activation energy. The non-linear form of the Langmuir model equation 




                                                                         (5.6) 
Where qe (g/kg) is the As(III) quantity adsorbed per unit adsorbent and Ce (mg/L) is 
the concentration of As(III) in the solution at equilibrium. Freundlich isotherm is applied 
in multilayer adsorption on heterogeneous surface sites. The slope (k) from Freundlich 
model is a measure of adsorption intensity or surface heterogeneity. The value of k 
ranges between 0 and 1. When the value k gets closer to zero, the surface becomes 
more heterogeneous. Whereas a value below unity implies a chemisorption process. 
And 1/n above one is indicative of cooperative adsorption. The non-linear Freundlich 
equation is given as in Eq. (5.7). Parameters of non-linear model fit for both Langmuir 
and Freundlich models were presented in Table 5.4. 
Freundlich: 𝑞𝑒 = 𝑘𝐶𝑒
1






Fig. 5.7. Equilibrium adsorption isotherms for As(III) removal using Qz and STL   
(conditions: adsorbent dose 20 g/L; initial pH 3.00; contact time 24 h, 
temperature of 298.15 K, and shaking speed 200 rpm). 




Langmuir  parameters Freundlich parameters 
Qz qmax (g/kg) 0.316 k ((g1-1/nL1/n)/kg) 0.186 
b (L/mg) 1.593 n 2.30 
R2 0.8699 R2 0.9362 
STL qmax (g/kg) 0.294 k ((g1-1/nL1/n)/kg) 0.071 
b (L/mg) 0.342 n 1.269 




It was noted that the data for As(III) adsorption using Qz better fitted to the Freundlich 
adsorption model whereas data for STL fitted to both Langmuir and Freundlich models. 
Langmuir separation factor, (RL) defined by Hall et al. (1966), was calculated using 




                                                                                                                   (5.8) 
Where b (L/mg) refers to the Langmuir constant and Co refers to the adsorbate initial 
concentration (mg/L). For Qz the separation factor (RL) was found to vary from 0.089 
to 0.926 with varying Co and for STL from 0.422 to 0.983. These values of RL indicated 
that the adsorption is favorable. It is known that if (RL > 1) adsorption is assumed 
unfavorable, linear (RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0). 
5.4 Desorption and applicability insights 
To see the applicability of Qz and STL, the residual solutions after adsorption were 
tested for their constituent elements. It was shown that all elements were found below 
the MCL values for drinking water from WHO guideline value (see the results in 
chapter 4 subsection 4.3.10). Furthermore, the desorption experiment performed by 
shaking As(III)-loaded adsorbents, at a speed of 200 rpm, dose 20 g/L, temperature 
298.15 K for contact time of 24 h with 0.1 M NaOH solution were found to be 77.7 and 








Experimental data revealed that estimated maximum adsorption capacities of 0.316 
and 0.294 g/kg for Qz and STL, respectively, for the studied concentration ranges in 
the optimal experimental conditions of adsorbent dose 20 g/L; initial pH 3.00; contact 
time 24 h, temperature of 298.15 K, and shaking speed 200 rpm. The mechanism was 
proposed to be specific sorption to short-range ordered hydrous oxides of iron and 
aluminum. Buffering capacities of adsorbents assumed to be as a result of amphoteric 
oxides of Al, Fe and Si seem to be an essential asset for the practical applicability of 




Chapter Six: Adsorptive removal of cadmium using natural stilbite tuff 
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Abstract 
 
Batch adsorption tests were performed using natural stilbite tuff (STI) for cadmium 
removal from aqueous solutions. In this experiment, both the effects of adsorptive 
parameters and mechanism of interaction between the sorbent and the sorbate were 
evaluated. Two adsorption isotherm models, the Freundlich and Langmuir model, 
were tested in fitting the equilibrium data, demonstrating the experimental data better 
fitted for Langmuir model. An estimated maximum adsorption capacity of 0.609 g/kg 
Cd(II) was observed at optimal parameters of: temperature 298.15 K, pH 5.00, 
adsorbent dose 16 g/L, and equilibration time 120 min. Fast adsorption rate was 
observed. Nearly 77% of the cadmium was removed within 30 min. The kinetic data 














Cadmium (Cd) is a potentially deleterious trace element which can be introduced into 
water networks from various sources. It occurs naturally in the environment, mostly 
associated with mineral ores of zinc, copper, and lead. In addition to natural sources, 
it is also considered as a pollutant emanating from industrial and agricultural sources 
such as mining operations, electronics, electroplating, petrochemicals, anticorrosive 
uses, and pigments (ATSDR 2012; Satarug et al. 2003; WHO 2011).  
Studies have shown that cadmium exposure to human beings from air, food, and water 
could cause toxic effects, even cancer in different body parts. Cadmium is an enzyme 
inhibitor inducing potential damage to kidney and liver of animals (Fowler 2009; 
Michael 2000; Waalkes 2003). Due to the potential toxic effects of cadmium, countries 
and organizations set stringent regulatory limits. For instance, a maximum 
contamination level of 0.005 mg/L was set by US EPA, and 0.003 mg/L by WHO 
(2011). Ethiopia also adopted a maximum contamination limit of 0.005 mg/L for 
cadmium in drinking water. Chemical and electrochemical precipitation are the most 
common conventional methods of cadmium removal from cadmium-bearing water but 
large amounts of sludge produced during the treatment process have led to disposal 
problems (Barakat 2011; Kurniawan et al. 2006). Ion exchange and membrane 
technologies are other well-known methods to treat cadmium containing wastewaters 
(Ahmed et al. 1998; Fu and Wang 2011). However, membrane fouling in membrane 
technologies and cost issues are among the challenges in most advanced methods 
(Kurniawan et al. 2006). However, adsorption process has nowadays been given due 
attention for its removal efficiency and cost affordability. Various sorbents were 
evaluated in mitigating cadmium from different sources of water. For instance, chitin 
(Benguella and Benaissa 2002), jackfruit peel (Inbaraj and Sulochana 2004), 
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carbonated hydroxyapatite derived from eggshell waste (Zheng et al. 2007), china clay 
(Sharma 2008), areca waste (Zheng et al. 2008), rice husk (Kumar et al., 2010), nano 
zero-valent iron particles (Boparai et al. 2011), chemically modified agricultural waste 
(treated Tamrix articulata) (Othman et al. 2011), commercial zeolite (Kulkarni et al. 
2013), and others are among the sorbents previously reported for the cadmium 
removal.  
Zeolites are widely accepted as adsorbents in trace element removal. They are 
hydrated aluminosilicates with a framework structure acting as molecular sieve. The 
cation-exchange capability as well as molecular sieve nature of zeolites are among 
the best properties in water treatment. Zeolitic tuffs commonly contain one or more 
zeolites that may co-exist with other mineral phases (Ruggieri et al. 2008). Natural 
zeolitic tuffs are materials which are abundantly found throughout the world, including 
Ethiopia. In different parts of Ethiopia, zeolite deposits are found in several million 
tonnes mainly in the Ethiopian rift valley (Tadesse 2009). They are also found in other 
parts of Ethiopia such as in Hashengie (Gómez-Hortigüela et al. 2014). 
Therefore, this work was intended to collect relevant information on the capacity and 
mechanism of cadmium adsorption using natural stilbite tuff (STI) from Ethiopia. The 
removal of cadmium was studied under batch experiments using aqueous solutions. 
6.2 Materials and Methods 
6.2.1 Reagents 
1000 mg/L Cd(II) stock solution was prepared from CdCl2 (99.99%, Merck, Darmstadt, 
Germany) in a liter of deionized water (resistivity >18.2 MΩcm). Subsequent dilutions 
were made accordingly using an auto-dilution instrument (Hamilton microLAB 500). 
1000 mg/L Cd(II) calibration standard solution (Merck KGaA, Darmstadt, Germany) 
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was used by diluting with Milli-Q water. Solution pH was measured using a digital pH 
meter (ORION star A211). 0.1 M HCl and 0.1 NaOH were used for pH adjustments. 
The pH was monitored prior to and after each adsorption process. 
6.2.2 Adsorbent characterization 
Natural stilbite tuff (STI) was collected from Hashengie, Ethiopia. The adsorbent was 
washed with deionized water at each step of grinding, dried and sieved with 300 µm 
mesh size ASTM E-11 sieve. STI constituents were identified combining XRD and 
ICP-OES instruments. The XRD patterns of finely ground powder were recorded on a 
Bruker D8 ECO instrument with a Cu anode incident beam. In the anode tube 40 kV 
and 25 mA power was used. The XRD data were collected from 3.00° onwards, at a 
step of 0.010° 2θ, with a time of 48 seconds per each step. Constituent elemental 
analysis was conducted using ICP-OES following microwave-aided acid digestion 
according to EPA 3052 (Da Silva et al. 2014). The suspensions were filtered over acid 
resistant 0.45 µm filters (Whatman 542, Whatman International Ltd) and measured 
using ICP-OES (VISTA-MPX CCD, Varian, Palo Alto, CA). 
 6.2.2.1 Determination of PZC 
The point of zero charge of STI was determined using batch equilibrium technique 
(Borah and Senapati 2006). For this, 50 mL of 0.1 M NaNO3 (Merck, Darmstadt, 
Germany) solution was used and initial pH of the solution was adjusted to values from 
2.5 to 12. The experiment was made in duplicate. Following that, 1 g of STI was added 
to each of the solutions and shaken for equilibration. Then, each of the solutions was 
filtered and final pH values were measured. Pzc was obtained from the plateau of pH 
obtained by plotting the initial pH values versus the solution pH at equilibrium. 
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6.2.2.2 Determination of surface area and bulk density  
Triplicate samples of 0.5 g of STI were shaken in 50 mL solutions containing 150 mg/L 
methyl blue in volumetric flasks until equilibrium (for 24 h). Then, the remaining, 
unsorbed methyl blue concentration was determined at a wavelength of 663 nm using 
a Jenway 6400 UV-Vis spectrophotometer. The adsorbed amount of methyl blue was 
calculated from the difference between initial and final concentrations. Finally, the 
specific surface area (SSA) of STI was estimated based on Eq.6.1 (Tewari and 
Thornton, 2010) 
 SSA =  qmax × N × A                                                                                                 (6.1) 
Where qmax is a monolayer capacity in mole per gram of methylene blue, N is Avogadro 
number (6.019 x1023) and A is area per molecule. The area adsorbed per molecule of 
methylene blue is typically assumed to be 1.69 × 10-18 m2 (Amode et al. 2016) 
For bulk density determination, a graduated 25 mL glass cylinder was weighed (W1) 
and used to evaluate the bulk density of STI. The weight of dried STI filled to the mark 
of the glass cylinder plus the mass of cylinder was measured and set as W2. Finally, 
the bulk density was calculated in the form: (W2-W1)/25 mL 
6.2.3 Cation exchange capacity 
The cation-exchange capacity (CEC) is an important property of zeolites. Zeolitic and 
non-zeolitic CEC of the adsorbent was determined according to literature (Ming and 
Dixon 1987). The CEC of the non-zeolitic fraction was obtained by tert-butylammonium 
ions whereas the zeolite CEC was determined by replacing Na+ on the zeolitic 
exchange sites with NH4+. For this study, triplicate samples of 0.5 g STI was added to 
40 mL centrifuge tubes. The STI samples were shaken for 2 hours with 1 N NaOAc 
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buffer of pH 5 to saturate the exchangeable sites with Na+. The excess Na+ remained 
was removed by washing with deionized water and with ethanol (95%) three times. 
The Na+ ion was exchanged and removed by adding 30 mL of 0.5 N tert-
butylammonium chloride ((CH3)3CNH3Cl), and the suspension at was heated 333.15 
K for about 24 h to advance the cation exchange of Na+ by (CH3)3CNH3+. Then, 
samples were washed three times with 0.5 N (CH3)3CNH3Cl. Tert-butylammonium 
chloride washings were decanted into 100 mL volumetric flasks and used for Na+ 
analysis which is contributed by the non-zeolitic CEC. Excess Tert-butylammonium 
chloride was removed by washing the sample two times with 20 mL ethanol (95%). 
Na+ on zeolitic exchange sites was removed by washing the sample three times with 
25 mL of 1.0 N NH4OAc. The NH4OAc washings were decanted into 100 mL volumetric 
flasks and Na+ concentration was analyzed using ICP-OES. Triplicate samples were 
analyzed. Then, the Na+ exchanged for the zeolitic and non-zeolitic phases are 
calculated. 
6.2.4 Batch experimental setup 
Batch experiments were performed at a temperature of 298.15 K using a horizontal 
GFL shaker (D-30938, Memmert, Germany). Equilibrium solution was collected by a 
syringe and filtered over a Millipore Chromafil RC-4/25 membrane filter (pore size, 
0.45 µm). The filtrate was then analyzed using ICP-OES for the concentration of Cd. 
Experiments were performed in triplicate, and average results were reported. The 
adsorption efficiency and capacity of sorbents, respectively, were calculated by Eq. 








× V                                                                                                                                         (6.3) 
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Where qe is the amount of Cd(II) adsorbed (g/kg); Co is initial concentration of Cd(II) in 
solution (mg/L); Ce is equilibrium concentration of Cd(II) left in the solution after the 
experiment (mg/L); V is the solution volume (L), and m is the weight of adsorbent in 
gram (kg). 
6.2.5 Effect of contact time 
The effect of contact time was studied  by shaking at 200 rpm for time intervals of 30 
min. to 10 h, keeping other experimental conditions at pH 5.00, adsorbent dose 12 
g/L, temperature 298.15 K, and initial Cd(II) concentration 0.5 mg/L. Then, residual 
solutions were analyzed for Cd concentration according to the procedure described in 
section 6.2.4. 
6.2.6 Effect of pH  
The effect of initial pH upon Cd(II) removal using STI was investigated in the pH range 
of 4.00 to 6.50 within conditions of initial Cd(II) concentration 0.5 mg/L, adsorbent dose 
12 g/L, temperature 298.15 K, contact time 120 min., and shaking speed 200 rpm.  
Final Cd in the residual solutions were analyzed according to the procedure described 
in section 6.2.4.  
6.2.7 Effect of adsorbent dose  
The effect of adsorbent dose was performed in ranges of 4 to 40 g/L STI. Thus, batch 
experiments were carried out adding adsorbents into 25 mL solutions at fixed 
conditions of Cd(II) concentration 0.5 mg/L, pH 5.00, temperature 298.15 K, and 
agitated at 200 rpm until equilibrium (2 h). Then, the Cd in the residual solutions were 
analyzed according to the procedure described in section 6.2.4. 
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6.2.8 Effect Cd (II) initial concentration  
To study the maximum adsorption capacity of STI, by predicting using equilibrium 
isotherm models, effect of initial Cd(II) concentration was investigated in the range of 
0.5 to 80 mg/L, keeping other conditions at an adsorbent dose of 16 g/L, initial pH 
5.00, contact time 120 min., and shaking speed 200 rpm. Finally, the Cd in the residual 
solutions were analyzed according section 6.2.4, with appropriate dilutions. 
6.3 Results and Discussion 
6.3.1 Adsorbents 
Physicochemical properties of STI tuff are given in Table 6.1. The XRD pattern was 
compared with patterns of references, which revealed the identity of the mineral 
present in the sample. Almost all peaks of the XRD pattern of the adsorbent were 
matched with those of stilbite tuff (Fig. 6.1). The formula for stilbite-Ca is mainly given 
by NaCa4(Si27Al9)O72·28(H2O). Calcium and sodium are among exchangeable cations 
in the extra-framework of STI, which Ca2+ ion dominants in the composition. Previous 
study by Gómez-Hortigüela et al. (2014) showed that the main elemental compositions 
(in mass %) of STI were Si (29.500), Al (8.669), Fe (0.425), Ca (5.230), and Na 







Table 6.1. Physicochemical properties of STI (composition of elements in mass %) 
Adsorbent                                                     STI 
Si  26.60 
Al  6.62 
Fe  0.07 
Ca  5.26 
Na  0.62 
pH in water 7.17 
Zeolitic CEC (cmolc/kg)                                                                                                217 
 
 
Fig. 6.1. XRD pattern of the adsorbent, STI tuff powder 
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3.1 Kinetic study 
The study of adsorption kinetics is important to forecast the reaction pathways and 
mechanism of adsorption. Cd(II) adsorption as function of time is presented in Fig. 6.2, 
indicating fast adsorptive removal at the first stages of adsorption. This could be due 
to the fact that initially adsorbent surfaces were vacant and the solute concentration 
gradient and dynamics was high (Tchomgui-Kamga et al. 2010). About 77% of Cd(II) 
was removed within 30 min. adsorption using STI tuff. After 120 min., there was no 
pronounced changes on the adsorption process hence 120 min. was considered as 
equilibrium time. It is well known that the nature of adsorbents and its available 
adsorption active surfaces affect time to attain equilibrium (Mukherjee et al. 2008). 
 
Fig. 6.2. Effect of contact time on Cd(II) removal (conditions: initial Cd(II) concentration 
0.5 mg/L, adsorbent dose 12 g/L, pH 5.00, temperature 298.15 K, and shaking 
speed 200 rpm) 
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To better understand the kinetics of Cd(II) removal, experimental data were fitted to 
Lagergren pseudo-first and pseudo-second-order isotherm models (Lagergren 1898). 
The pseudo-first-order equation of Lagergren is generally expressed as: 
dqt
dt
= k1(qe − qt)                                                                                                       (6.4) 
Where qe and qt are adsorbed amounts of Cd(II) at equilibrium and at time (t), 
respectively and k1 is the pseudo-first-order adsorption rate constant in (min.-1). 
Integrating equation (6.4) between, t = 0 to t = t and qt = 0 to qt = qe provides: 
log(qe − qt) = logqe −
k1
2.303
t                                                     (6.5)  
The pseudo-first-order rate parameters are presented in Table 6.2, where k1 being 
defined from the slope of the graph plotted as log(qe-qt) vs time t(min.). Adsorption 
kinetics can be described using a pseudo-second-order kinetic rate equation, 
expressed according to:  
dqt
dt
= k2 (qe − qt)
2                                                                                                  (6.6) 









) t                                                                                                  (6.7) 
Where k2 is the rate constant for pseudo-second-order (g/kg min.), qe and qt are the 
amount of Cd(II) sorbed at equilibrium and at time t (min.). The values of k2 and qe 
could be calculated from the intercepts (1/k2qe2) and slope (1/qe) of plots t /qt against 
t of equation (6.7). From the model parameters in Table 6.2, linear plots of t /q versus 




Fig. 6.3. The plot of pseudo-second-order kinetic data (conditions: initial Cd(II) 
concentration 0.5 mg/L, adsorbent dose 12 g/L, pH 5.00, temperature 298.15 
K, and shaking speed 200 rpm) 
The fitness of pseudo-second-order model equation to the experimental data suggests 
that the mechanism of adsorption could be chemisorption. 
Table 6.2. Pseudo-first-order and pseudo-second-order kinetic parameters for Cd(II) 
adsorption onto STI at an initial concentration of 0.5 mg/L, temperature of 
298.15 K, and pH 5.00. 
                         Pseudo-first-order                       Pseudo-second-order  
Rate constant 
k1 (min.−1) 
qe (g/kg)  (R2) Rate constant (k2) 
(kg /kg min.) 
qe (g/kg)  (R2) 




6.3.2 Effect of pH  
The influence of solution pH on the removal of Cd(II) using STI was investigated and 
presented in Fig. 6.4. It should be noted that at lower pH values, mainly at pH < Pzc, 
the adsorbent remains positively charged and the adsorption efficiency was found 
relatively small. The possible reasons for this reduction in adsorption efficiency were 
speculated as coulombic repulsion and hydronium ion competition with Cd(II) at 
adsorption sites. As the solution becomes basic, the adsorbent surfaces would get 




Fig. 6.4. Effect of pH on Cd(II) removal (conditions: initial Cd(II) concentration 0.5 
mg/L, adsorbent dose 12 g/L, temperature 298.15 K, contact time 120 min., 




Metal oxide surfaces in water develop a favorable charge for the removal of cations at 
higher pH through hydrolysis of amphoteric oxides (Bhattacharyya and Gupta 2007). 
In this study, the effect of the adsorbent onto initial solution pH is illustrated in Fig. 6.5. 
The adsorbent tended to neutralize the system to near the adsorbent’s pH in water. 
This could be explained as a result of adsorbent’s buffering capacity. Silicate tailings 
for copper removal have also shown buffering capacities which neutralize acidic 
solutions without any addition of bases (Kleiv and Sandvick 200). It was shown that 
as the pH of the system increased from 4.00 to 6.50 in the experiment, the adsorption 
efficiency of Cd(II) increased from 60% to 87.5%. When the pH increased beyond pH 
7.5, precipitation of Cd(II) due to low solubility of Cd(OH)2 could influence adsorption 
of Cd(II). Thus, optimal pH consideration was based on conditions of relatively higher 
adsorption efficiency and insignificant effects of precipitation. Thus, in this experiment, 
pH 5.00 was considered as working pH to explicitly study adsorption removal of Cd(II). 
In addition, cation exchange of Cd(II) by exchangeable cations from STI could also 
contribute to the adsorption mechanism. In this case Cd2+ could be exchanged by 
calcium and sodium cations in the extra-framework of STI which showed enhanced 
adsorptive removal. This conclusion has been emanated from zeolitic cation exchange 







Fig. 6.5. Effect of the adsorbents on the adsorption solution of Cd(II) (conditions: 
initial Cd(II) concentration 0.5 mg/L, adsorbent dose 12 g/L, temperature 
298.15 K, contact time 120 min., and shaking speed 200 rpm) 
6.3.3 Effect of adsorbent dose 
Adsorption is a surface-based process, where the extent of adsorption is as function 
of specific surface area of the adsorbent used. It has been shown that the percentage 
removal of Cd(II) increased when the adsorbent dose increased (Fig. 6.6). This could 
be by the reason that the number of active adsorption sites would increase as the dose 
gets higher to accommodate adsorbate ions (Alemayehu and Lennartz 2009). Beyond 
a dose of 16 g/L, further increase in percentage removal was found insignificant. 







Fig. 6.6. Effect of adsorbent dose on cadmium removal (conditions: initial Cd(II) 
concentration 0.5 mg/L, pH 5.00, temperature 298.15 K, contact time 120 min., 
and shaking speed 200 rpm) 
6.3.4 Effect of concentration variation 
The equilibrium Cd(II) adsorption capacity increased when the initial concentration of 
Cd(II) increased from 0.5 to 80 mg/L (Fig. 6.7), reaching an experimental adsorption 
capacity of 0.567 g/kg. Alternatively, the adsorption efficiency decreased with an 
increase in the initial concentration of Cd(II). This decrement in adsorption efficiency 
could be emanated from the adsorption behavior that is mainly effective for low 
concentrations of adsorbate, i.e., free adsorption sites decrease as concentration of 





Fig. 6.7. Effect of initial cadmium concentration on removal (conditions: pH 5.00, 
temperature 298.15 K, adsorbent dose 16 g/L, contact time 120 min., and 
shaking speed 200 rpm). 
6.3.5 Adsorption isotherms 
Equilibrium isotherm data of Cd(II) adsorption were evaluated applying non-linear 
equations of Langmuir, Freundlich, and Dubinin-Radushkevich (D-R). The non-linear 




                                                                                                            (6.8) 
where Ce is the equilibrium concentration Cd(II) in mg/L, qe is the amount of Cd(II) 
adsorbed (g/kg), and qmax and b are Langmuir constants related to the maximum 
adsorption capacity (g/kg) and the adsorption energy, respectively. The Langmuir 
equilibrium constant, b can be obtained from Eq. 6.8. The Freundlich isotherm model 
is usually used in special cases of heterogeneous surface energy characterized by 
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the heterogeneity factor 1/n. Non-linear Freundlich model (Freundlich 1928) is 
expressed as: 
Freundlich: q𝑒 = kC𝑒
1
n⁄                                                                                            (6.9) 
The non-linear Langmuir and Freundlich plots are presented in Fig. 6.8, their 
parameters presented in Table 6.3.  
 
 
Fig. 6.8. Equilibrium adsorption isotherm plots of Cd(II) removal using STI (conditions: 
adsorbent dose 16 g/L; initial pH 5.00; contact time 120 min., and shaking 
speed 200 rpm, initial concentration 0.5 to 80 mg/L) 
Dubinin–Radushkevich (D-R) model is initially formulated to quantitatively describe 
pore filling mechanism of gases and vapors by microporous sorbents. The model is 
applied regardless of the surface being homogeneous or heterogeneous. The          
non-linear equations of D-R model is given in Eq. 6.10 & 6.11 (Dubinin 1960a). 
qe = qmexp (−KDRε
2)                                                                                                              (6.10) 
ε =  RT In(1 +
1
C𝑒
)                                                                                                                        (6.11) 
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Where R (kJ/(mol. K)) is the real gas constant, and T is the temperature in degree 
kelvin, qm (mol/g) is the molar adsorption capacity; KDR (mol2/kJ2) is the activity 
coefficient related to the mean adsorption energy per mole of the adsorbate; and ε 
(mol2/kJ2) is the Polanyi potential. The model usually applies to distinguish whether 
the adsorption process is physical or chemical in nature for metals (Dubinin 1960b). 




                                                                                                                                      (6.12)                                                                                                             
The adsorption process is of physical nature if 0 < EDR< 8 kJ/mol, and considered to 
be chemical adsorption if 8 kJ/mol < EDR < 16 kJ/mol (Kundu and Gupta, 2006). 
Table 6.3. Freundlich and Langmuir isotherm parameters 
Adsorbent Freundlich constants Langmuir constants 
 STI k((g1-1/nL1/n)/kg) n R2 qmax(g/kg) b(L/mg) R2 
0.165 3.22 0.9461  0.609 0.183 0.9751 
 
6.3.5.1 Model interpretation 
 Based on Fig. 6.7, it was found that the Langmuir model fitted better, demonstrating 
monolayer type of adsorption on the surface of STI providing maximum adsorption 
capacity of 0.609 g/kg. The nature of adsorption was predicted as favorable from a 




                                                                                                                       (6.13) 
If the calculated value of RL laid between 0 and 1, the adsorption remains favorable. 
When RL > 1, it represents unfavorable adsorption. Moreover, if RL=1 and RL= 0, linear 
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and irreversible adsorption occurs, respectively. Thus, the RL value being found in the 
range 0.0711- 0.991 (Table 6.3) affirmed the favorability of the adsorption process, 
with decreasing values when increasing the initial concentration. The mean adsorption 
energy, EDR (kJ/mol), of equilibrium Cd(II) adsorption was calculated from D-R 
isotherm and found to be 13.5 kJ/mol, indicating chemisorption nature of the 
adsorption process (ion-exchange). A comparison of adsorption capacities of STI with 
other different natural adsorbents is presented in Table 6.4.  
Table 6.4. Evaluation of natural materials for cadmium removal 
 
Adsorbent pH Capacity (g/kg) Reference 
Orange waste 5.0 46.000 (Pérez-Marín et al. 2007)  
Sesame leaf 6.0 84.740 (Cheraghi et al. 2015) 
VPum 5.0 0.004 (Alemayehu and Lennartz 2009)                                    
VSco 5.0 0.002 (Alemayehu and Lennartz 2009) 
 Manganoxide  6.800 (Sönmezay et al. 2012) 
Wheat bran                  8.5 0.700 (Singh et al. 2006) 
Clinoptilolite  1.025 (Malliou et al. 1994) 
Perlite 6.0 0.640 (Mathialagan and Viraraghavan 2002) 
Natural phosphate 5.0 26.000 (Yaacoubi et al. 2014) 
Natural Clay 6.5 8.200 (Burham and Sayed 2016) 
STI                                   5.00 0.609 This study 
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The comparison result showed that STI used in this study exhibited a reasonable 
capacity for cadmium removal. It should be noted that the adsorption capacities were 
calculated under their respective laboratory conditions and optimum experimental 
parameters.  
6.4 Conclusion 
Our batch studies confirm that locally available stilbite tuff (STI) is promising for 
adsorption of Cd(II), with an estimated maximum adsorption capacity of 0.609 g/kg 
based on the Langmuir isotherm model. It can be concluded that from the mean 
adsorption energy in combination with kinetic data fitting to the pseudo-second-order 
model entailed that the plausible mechanism of Cd(II) adsorption onto STI was 
chemisorption (ion-exchange) type. The buffering effect of STI, which increased the 
pH of the residual solution after adsorption was observed which imparts great 














Chapter Seven: Adsorptive removal of Cr(VI) on natural quartz rich tuffs   
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A low-cost adsorbent, natural quartz rich tuff (Qz), was investigated for the removal of 
Cr(VI) as function of various parameters. Batch experiments were conducted to 
evaluate the influence of contact time, solution pH, adsorbent dose, and concentration 
variation on the adsorptive removal of Cr(VI) from aqueous solutions. The adsorption 
process was found to be highly pH-dependent, enabling high efficiency at lower pH 
values (pH < 3.00). The predicted adsorption capacity at experimental conditions of 
temperature 298.15 K, contact time 24 h, adsorbent dose 20 g/L, pH 3.00, and 200 
rpm agitation speed was found to be 0.146 g/kg Cr(VI). The experimental data fitted 
well to the Freundlich isotherm model among the tested models. This study showed 














The rapid growth of global population and accelerated industrialization are the major 
causes of severe fresh water scarcity and environmental damage (Wang and Chung 
2012). Chromium is commonly leached into water bodies from various applications 
such as catalysis for selective oxidation, making alloys, chrome plating, dyes and 
pigments, leather tanning, and wood preservatives. Tanneries are important economic 
fields worldwide, including developing countries like Ethiopia (Leta et al. 2003; Lofrano 
et al. 2013; Mannucci et al. 2010). Currently, there are about thirty three tanneries 
manufacturing leather products in Ethiopia via chrome tanning (CSA, 2011). In chrome 
tanning tanneries, about 30–50% of the chromium used in the process of tanning is 
leached into the environment either from accidental leakages or untreated waste 
disposals (Saravanabhavan et al. 2004; Tadesse et al. 2006). The effluents of leather 
tanneries released to the environment have found strong association to huge problems 
in surface waters and impart negative effects (Schilling et al. 2012). Thus, chromium 
compounds utilized for tanning are among the contaminants of attention. 
The fate of chromium in the environment is dependent on its different valence states. 
Cr(VI) and Cr(III) are common in the natural environment, with Cr(VI) being more 
mobile and toxic than Cr(III). Alternatively, Cr(III) is important to maintain balanced 
glucose metabolism in mammals (Kotaś and Stasicka 2000). The occurrence of Cr in 
different oxidation states has a significant consequence on the transport and fate of 
Cr species, varying in their treatment capabilities and costs (Stanin 2005).  
Widely employed methods for Cr(VI) removal include chemical precipitation (primarily 
by reducing Cr(VI) to Cr(III)), electrodialysis, reverse osmosis, and adsorption (Gheju 
and Balcu 2011; Rengaraj et al. 2001; Shi et al. 2011; Yari et al. 2013). Sludge 
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production, cost unaffordability, and requirement of high skilled manpower are among 
the challenges encountered for most of the methods of Cr(VI) removal. Adsorption has 
given due attention due to its promising nature of being cost effective, easier handling 
and high efficiency. Chitosan, modified chitosan, steel industry waste materials, rice 
husk, activated alumina, and neem bark are among a few adsorbents reported with 
high adsorption capacity for Cr(VI) removal. However, commercialized sorbents for 
Cr(VI) removal are minimal. Furthermore, challenges in relation to adsorbents such as 
limitation of applicability, inefficiency, and cultural taboo are concerns to be solved with 
alternatives. Alternatively, the adsorption behavior of Cr(VI) on quartz tuff and its 
mechanism of binding were seldom studied. 
Quartz is an abundantly available and the second most widespread mineral in 
the Earth’s crust. It possesses a range of properties characterized by point defects. 
Quartz contains various substitution and interstitial impurities and defects of which 
some of them are inherently paramagnetic (e.g., Fe3+) (Gӧtze and Plӧtze 1997). Thus, 
the major objective of this work was to evaluate the adsorption capacity of natural 
quartz tuffs (Qz) from Ethiopia to remove Cr(VI) from aqueous solutions. 
7.2 Materials and methods 
7.2.1. Reagents 
A 1000 mg/L stock solution of Cr(VI) was prepared from K2Cr2O7 (Riedel-deHaen, 
Hannover, Germany) using deionized water. Calibration standard of 1000 mg/L Cr(VI)  
(Merck KGaA, Darmstadt, Germany) was used by appropriately diluting the standard 
solution with Milli-Q water (having a resistivity below 18.2 MΩ·cm). Solutions of 0.1 M 
HCl and 0.1 NaOH were used to adjust the pH of working solutions. Desired Cr(VI) 
concentrations were freshly prepared from the stock solution and directly used. The 
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stock solution was stored in a freezer at temperature of 278.15 K using polyethylene 
plastic bottles. All experiments were performed in triplicate with blank and control, and 
the average results were reported, with error bars based on standard deviation of the 
triplicate data. 
7.2.2 Adsorbents 
Five varieties of natural quartz and zeolite tuffs obtained from Hashengie, Ethiopia, 
were screened for Cr(VI) adsorption efficiencies. During the pre-test, only among the 
tested adsorbents showed relatively high adsorption efficiency. Therefore, Qz was 
selected for further use in Cr(VI) adsorption. Qz was washed using deionized water 
and dried until no parts solubilized anymore. It was then ground and sieved (ASTM E-
11 Laboratory Test sieve of 300 µm mesh). It was characterized using XRD patterns 
of finely ground powder samples measured on a Bruker D8 ECO XRD system 
equipped with a Cu anode tube. The incident beam was automatically collimated. The 
tube was operated at 40 kV and 25 mA, and the XRD data were collected using a 
count time of 48 seconds per step. The concentrations of constituent elements of Qz 
were measured using ICP-OES (Varian VISTA-MPX CCD Simultaneous version 2.0) 
after microwave-aided acid digestion according to EPA method 3052 (Da Silva et al. 
2014). In the procedure, 0.5 g well-mixed adsorbent sample or certified reference 
material (CRM) were weighed accurately into Teflon vessels. Subsequently, 9 ± 0.1 
mL concentrated nitric acid and 4 ± 0.1 mL hydrochloric acid were added to the Teflon 
vessel in a fume hood. After 1 h, 4 ± 0.1 mL concentrated hydrofluoric acid was added 
to the mixture. Then, it was digested in a microwave oven raising conditions up to a 
temperature of 473.15 K, a pressure of 500 psi, and a power of 1000 W for 20 min, 
and then treating adsorbents with these conditions for 15 min. Boric acid solution of 
145 
 
40 mL (4% (w/v)) was introduced into the solution to safeguard the ICP-OES from 
damaging by hydrofluoric acid. Finally, the solution was filtered over acid resistant 0.45 
µm filters (Whatman 542, Whatman International Ltd) in 100 mL volumetric plastic 
flasks. Then, the filtrates were filled to the mark using deionized water, shaken and 
analyzed using ICP-OES. 
7.2.3 Experimental 
Batch adsorption experiments were carried out at room temperature with Cr(VI) 
solutions of known initial concentration, agitated with horizontal shaker (Memmert, D-
30938, Germany) at a speed of 200 rpm. Equilibrium solution was collected by a 
syringe and filtered over a Millipore Chromafil RC-4/25 membrane filter of pore size 
0.45 µm. The filtrate from the residual solution was then analyzed using ICP-OES 
(VISTA-MPX CCD, Varian, Palo Alto, CA) for the concentration of Cr that remained in 
the solution. Initial concentrations (Co) of samples of Cr(VI) (portion of the working 
solutions) that was kept without involving in adsorption process was also measured by 
the ICP-OES and used in the calculation of adsorption efficiency. The solution pH was 
measured using a digital pH meter (ORION star A211).  
7.2.4 Determination of PZC 
The point of zero charge (Pzc) of Qz was determined using a batch equilibrium 
technique (Borah and Senapati 2006). Thus, the adsorbent Pzc was determined in 
duplicate using 0.1 M NaNO3 solutions (Merck, Darmstadt, Germany). Then, the initial 
pH of 50 mL of 0.1 M NaNO3 solutions was adjusted from 2.5 to 12. Solutions of 0.1 
M HCl and 0.1 NaOH were used to adjust the pH of working solutions. Afterwards, 1 
g of Qz was added to each of these solutions and shaken until equilibrium time of 24 
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h. The solution was filtered and final pH values were measured. Pzc was obtained by 
plotting the initial pH values versus the solution pH at equilibrium. 
7.2.5 Specific surface area  
An aliquot (0.5 g) of Qz was added into 50 mL solution of 150 mg/L methyl blue in 
volumetric flasks. The solution was allowed to equilibrate for 24 h at room temperature. 
Methyl blue remaining in solution was determined using UV-Vis absorption        
(Jenway 6400) at 663 nm (Hach 2002). The adsorbed amount of methyl blue 
concentration was calculated from the difference between initial and equilibrium 
concentrations. Specific surface area calculation was made according to Tewari and 
Thornton (2010) as discussed in chapter six, subsection 6.2.2.2. 
7.2.6 Bulk density  
A graduated 25 mL glass cylinder was weighed and referred as W1. The weight of 
dried Qz filled to the mark of the glass cylinder plus the mass of cylinder was measured 
and set as W2. Finally, the bulk density was calculated in the form: (W2-W1)/25 mL 
7.2.7 Effect of contact time 
The effect of contact time was studied for time intervals of 30 min. to 24 h keeping 
other experimental conditions at pH 3.00, adsorbent dose 10 g/L, temperature 298.15 
K, and initial Cr(VI) concentration 2 mg/L, and with agitation speed 200 rpm. The 
amount of Cr(VI) remained unsorbed in the solution was determined as described in 
section 7.2.3. 
7.2.7 Effect of pH  
The effect of initial pH on Cr(VI) adsorption was investigated at different initial pH 
values ranging from 2.50 to 9.00 with conditions of temperature 298.15 K, adsorbent 
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dose 10 g/L, initial concentration 2 mg/L, and agitation speed 200 rpm. Solution pH 
was adjusted using 0.1 M HCl and 0.1 NaOH. The concentration of Cr(VI) remained 
unsorbed in the solution was determined as described in section 7.2.3. 
7.2.8 Effect of adsorbent dose  
The effect of adsorbent dose was performed in ranges of 4 to 60 g/L. Thus, 25 mL of 
2 mg/L Cr(VI) solution was shaken with agitation speed of 200 rpm; at temperature of 
298.15 K; and pH of 3.00 in triplicate by adding the different doses of Qz, being shaken 
until equilibrium (24 h). The Cr(VI) in the residual solutions were analyzed as described 
in section 7.2.3. 
7.2.9 Effect of Cr(VI) initial concentration  
To study the adsorption capacity of Qz, effect of initial Cr(VI) concentration was 
investigated in the range of 0.5 to 512 mg/L, keeping other conditions of adsorbent 
dose 20 g/L, initial pH 3.00, contact time 24 h, and shaking speed 200 rpm. Finally, 
Cr(VI) in the residual solutions were analyzed as described in section 7.2.3 with 
appropriate dilutions. 
7.3 Results and Discussion 
    7.3.1 Characterization of the adsorbent 
The XRD pattern was compared with patterns of references, which could reveal the 
identity of the mineral present in the sample. Thus, the adsorbent, referred to as quartz 
tuff (Qz), is almost completely composed of quartz and minor amounts of feldspar, and 
diopside (Fig. 7.1). Moreover, elemental composition is presented in Table 7.1. 
Detailed discussion on the identification of Qz in the sample has been given in chapter 





















Fe  0.347 
Ca  0.078 
Mg 0.036 
K 0.053 
Na  0.228 
pH in water  7.81 
pHpzc  7.38 
Specific surface area (m2/g)  20.0 
Bulk density (g/cm3) 1.88 
 
7.3.2 Kinetic study 
The effect of contact time on the adsorption efficiency of Qz for Cr(VI) removal is 
illustrated in Fig. 7.2. Results indicated that equilibrium time seemed to achieve after 
18 h. Accordingly, 24 h was considered as contact time in subsequent experiments to 





Fig. 7.2. Effect of contact time on Cr(VI) removal (Conditions: temperature 298.15 K, 
adsorbent dose 10 g/L, solution pH 3.00, initial Cr(VI) concentration 2 mg/L, 
and agitation speed 200 rpm).   
When studying the adsorption kinetics of Cr(VI), pseudo-first-order and pseudo-
second-order Lagergren rate equations were evaluated according to Ho and McKay 
(2009). The experimental data did not fit to pseudo-first-order model (data not 
presented) whereas pseudo-second-order equation (Ho and McKay 1999) describes 
the data well. The pseudo-second-order kinetic equation is expressed as:  
dqt
dt
= k2(qe − qt)
2                                                                                                       (7.1) 









)t                                                                                                           (7.2) 
Where k2 is the rate constant for pseudo-second-order, qe and qt are adsorbed Cr(V) 
amounts at equilibrium and at time t. The values of k2 and qe could be obtained from 
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the intercepts (1/k2qe2) and slopes (1/qe) of plots t/qt versus t of Eq. 7.2. Pseudo-
second-order model parameters are presented in Table 7.2. The experimental data 
showed fittings to pseudo-second-order rate equation, indicating chemisorption could 
control the rate of adsorption as described in literature (Ho & McKay 1999). 
Table 7.2. Pseudo-second-order parameters for Cr(VI) adsorption 
Adsorbents Pseudo-second-order parameters 







72.71 78 10 0.9659 
 
7.3.3 pH effect   
The effect of solution pH upon Cr(VI) adsorption was investigated at different initial pH 
values ranging from 2.50 to 9.00 (Fig. 7.3). A high adsorption efficiency up to 80% 
removal of Cr(VI) was observed at pH levels less than or equal to 3.00,  followed by a 
decrease in adsorption efficiency as the pH increased beyond pH 3.00. This is 
because at pH< Pzc, the adsorbent surface is positively charged, and adsorption of 
oxyanions of Cr(VI) occurs due to electrostatic attraction. The HCrO4- was the 
predominant form of Cr(VI) as indicated in literature (Kotaś and Stasicka 2000). In light 
of this, Cr is reported to primarily bind in soil to variable mineral surfaces and layer 
silicate particles, mostly to oxides and hydroxides of Fe, Al, and Mn, and layer silicate 
(McBride 1989). At basic pH, electrostatic repulsion between the anions and negative 
surface charges of the adsorbent and the potential competition of hydroxyl ions with 
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Cr(VI) anionic forms could occur. These could be the main reasons for the reduction 
on the Cr(VI) removal efficiency. It should also be noted that the variation in adsorption 
at different pH levels might originate from the adsorption free energy of various Cr(VI) 
species existing at different pH. For instance, the adsorption free energy of HCrO4- is 
lower than that of CrO42-, and consequently HCrO4- is more favorably adsorbed than 
CrO42- at the same concentration (Hu and Lo 2005). 
 
Fig. 7.3. Effect of pH on the removal of Cr(VI) using Qz (conditions: temperature 
298.15 K, adsorbent dose 10 g/L, initial concentration 2 mg/L, and agitation 





As it was observed from Table 7.3, the initial pH was not significantly different from 
pH after adsorption (pH final), indicating low buffering capacity of Qz during Cr(VI) 
adsorption process. Effect of buffering capacity on Cr(VI) removal using glacial till 
was described as to have effects on adsorption behaviors (Reddy et al. 1997). 
Table 7.3. Effects of the adsorbent on solution pH (conditions: adsorbent dose 20 
g/L, and temperature 298.15 K) 
 
7.3.4 Effect of adsorbent dose 
The effect of adsorbent dose was investigated in the range of 4 to 60 g/L, and 
illustrated in Fig. 7.4. The removal efficiency of Cr(VI) increases as adsorbent dose 
increases. This is due to the increase in the available active sites of the adsorbent 
while the dose of Qz increases. When the adsorbent dose exceeded 20 g/L, a further 
Initial concentration 
of Cr(VI) (mg/L) 






0.5 5.95 3.03 3.90 
1 5.63 3.01 3.73 
2 5.52 3.01 3.66 
8 5.27 3.02 3.20 
16 5.02 3.02 3.11 
32 5.01 3.00 3.09 
64 4.78 3.00 3.08 
128 4.63 3.00 3.07 
256 4.46 3.01 3.07 
512 4.27 3.00 3.07 
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increase in adsorbent dose had no apparent effect on the removal of Cr(VI). Thus, an 
adsorbent dose of 20 g/L was selected for subsequent experiments. 
 
Fig. 7.4. Effect of adsorbent dose on the removal of Cr(VI) using Qz (conditions: 
temperature 298.15 K, pH 3.00, initial concentration 2 mg/L, and agitation 
speed 200 rpm). 
7.3.5 Effect of initial Cr(VI) concentration  
The effect of initial Cr(VI) concentration was evaluated with values of 0.5, 1, 2, 8, 16, 
32, 64, 128, 256, and 512 mg/L. The adsorption efficiency and capacity were studied 
at these concentrations and results are demonstrated in Fig. 7.5. As the concentration 
increased from 0.5 mg/L to 32 mg/L, efficiency of Qz decreased from 93 % to 7%, 
whereas Cr(VI) uptake per gram of sorbent increased. The increase in adsorption 
capacity of Qz could be as a result of an increase in Cr(VI) covering the poorly 
reachable sites of the adsorbent with weak adsorption energy (Langmuir 1918). An 
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initial Cr(VI) concentration of up to 0.5 mg/L could be reduced to below the benchmark 
of drinking water (0.05 mg/L), whereas for concentration ranges above 0.5 mg/L, the 
residual Cr(VI) concentration remained above MCL, however, the decrement in Cr(VI) 
was still significant. 
 
Fig. 7.5. Effect of initial concentration on the removal of Cr(VI) using Qz (conditions: 
temperature  298.15 K, pH 3.00, adsorbent dose 20 mg/L, and agitation speed 
200 rpm) 
7.3.4.1 Equilibrium isotherms 
Adsorption capacity of adsorbents can be evaluated from the relationship between the 
amount of substance adsorbed (adsorbate) per unit mass of adsorbent at equilibrium. 
These relations are expressed using isotherm models at constant temperature. The 
non-linear Langmuir equation (Langmuir 1916) was applied to the equilibrium 






                                                                                                                                                 (7.3)                                                                                       
Where Ce is the equilibrium concentration of the adsorbate, Cr(VI) in mg/L, qe is the 
concentration of Cr(VI) adsorbed (g/kg),  qmax and b are Langmuir constants related to 
the maximum adsorption capacity (g/kg) and adsorption energy, respectively. The 
Freundlich isotherm assumes a heterogeneous surface expressed as in Eq. 7.4: 
Freundlich equation: qe = kCe
1
n                                                                           (7.4) 
Where qe and Ce are amount of adsorbate adsorbed per gram of adsorbent and 
residual concentration, respectively. 1/n is the adsorption intensity which could 
describe the strength of adsorption process: n = 1 refers to adsorption being 
independent of initial concentration. In cases when, 1/n is below unity, normal 
adsorption is assumed, whereas if 1/n is above one it indicates cooperative adsorption. 
 
Fig. 7.6. Equilibrium adsorption isotherms for Cr(VI) using Qz (conditions: adsorbent 
dose 20 g/L, initial pH 3.00, contact time 24 h, and  speed 200 rpm). 
 
Langmuir and Freundlich model parameters are presented in Table 7.4, revealing that 
the Freundlich model is the best model fitting the data. Freundlich model fit indicated 
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the distribution of Cr(VI) on the heterogeneous active surface, adsorption on  multilayer 
surfaces. 
Table 7.4. Langmuir and Freundlich model parameters and their values for 
adsorption of Cr(VI) to Qz 
Adsorbent Langmuir  parameters Freundlich parameters 
Qz qmax(g/kg) 0.124 k ((g1-1/nL1/n)/kg) 0.064 
b(L/mg) 2.393 n 4.132 
R2  0.7216 R2 0.9609 
 NB: qe from Freundlich prediction was found as 0.146 g/kg 
Further, the experimental data have been discussed with literature values in Table 7.5. 
An insight of the adsorption capacities of various natural sorbents for Cr(VI) removal 
were presented. Thus, the adsorbent studied seem efficient in its set. Further work on 










Table 7.5. Comparison of maximum adsorption capacity of Qz with other natural 
adsorbents for Cr (VI) removal  
Adsorbents pH Adsorption 
capacities, g/kg 
References 
Fired clay soils 2 0.67 - 0.83 (Alemayehu et al. 2012) 
Wheat bran 3 0.942 (Nameni et al. 2008) 
Brown coals  3 47 (Gode and Pehlivan 2006) 
Natural Akadama clay 2 4.29  (Zhao et al. 2013) 
Tailored zeolites  0.65 (Santiago et al. 1992) 
Bentonite 2.4 0.512 (Khan et al., 1995) 
Pumice  0.046 (Alemayehu et al. 2011) 
Qz 3.00 0.146 This study              
                                                                                
7.3 Conclusion 
Natural quartz rich tuff (Qz) from Hashengie, Ethiopia, was investigated in a batch 
experiment for Cr (VI) removal. The rate of adsorption indicated that the plausible 
mechanism of adsorption is associated with chemisorption. The process revealed that 
pH strongly affects the percentage removal of Cr (VI). The predicted maximum 
adsorption capacity under optimum experimental conditions of pH 3.00, temperature 
298.15 K, adsorbent dose 20 g/L, and shaking speed 200 rpm was observed to be 
0.146 g/kg at wide ranges of initial Cr(VI) concentrations based on Freundlich isotherm 
model. It could be concluded that Qz would be a promising adsorbent for the removal 





Chapter Eight: General discussion 
8.1 Freeze desalination  
Freezing technology is well recognized to remove soluble pollutants from water. In this 
thesis freeze desalination was explored as a method to reduce the concentration of 
Cr(VI) and F-. Freeze desalination is the process that excludes salt ions from produced 
ice, subsequently producing pure water from melted ice. Three steps can be identified 
in the freeze desalination process including ice formation, ice washing, and ice melting 
to obtain fresh water. By freezing and subsequent melting, a wide range of 
concentrated salt ions and water can be effectively separated.  
 
Desalting to produce potable water is an important but cost- and energy-intensive 
process. To make desalination processes cost efficient, renewable energy sources to 
provide power are essential, especially in developing countries where implementation 
of conventional energy sources are costly or high-tech instruments are unavailable 
(Khawaji et al. 2008; Koroneos et al. 2007). In freeze desalination, the use of 
renewable energy sources, including natural freezing, and renewable refrigerants 
important to sustain freezing technologies (Attia 2010; Kalogirou 2005). Recently, the 
use of waste energy from LNG as a result of cold energy release from re-gasification 
of natural gases has been used in the freeze desalination process to minimize the 
overall energy consumption. Since, LNG’s temperature can go down to 111.15 K, such 
high temperature difference could be used for multiple desalination plants by 
transmitting the cold energy via intermediate refrigerants (Chang et al. 2016b). 
Intermediate cooling which can also increase energy efficiency is often used between 
the two compressor steps. It is the process of cooling the refrigerant vapor after the 
first compressor. The output/discharge gas leaving the high-stage compressor can be 
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kept at an acceptable temperature. Power consumption of freezers could be reduced 
in different ways. Freezers possess functions of condenser, evaporator, and 
compressor (Turner 2006). The use of ejector enhanced refrigeration cycle increased 
the refrigerant capacity of evaporator to save about 5.45 - 6.3% power consumption 
compared to thermodynamic expansion valves (Cao et al. 2015; Wang and Yu 2015). 
Ejectors are to transport and compress a mass of induced fluid to increase the freezing 
cycle performance. 
Various promising alternative technologies have been tested in freeze desalination to 
produce potable water from different water sources. The use of flake ice maker (Cao 
et al. 2015), developing and testing a seawater desalting technology for drinking water 
production, e.g. HybridICE technology, and classical suspension crystallization are 
among the basic attempts in using freezing-melting water purification (Erlbeck et al. 
2017; Zvinowanda et al. 2014). A number of advantages have been documented for 
freeze desalination, e.g. the energy saving options, resistance to fouling and scaling, 
as well as minimal or no pre-treatment requirements etc. Therefore, efforts have to be 
done to commercialize freezing-melting processes in a wide range of industrial and 
domestic water/wastewater treatment systems, and food industries (Lu and Xu 2010).  
8.2 Freezing applications  
Freeze desalination is an alternative desalination technique based on the fact that ice 
crystals are essentially made up of pure water. Ideally the ice formed is free from 
soluble contaminants, salts, being excluded during the formation of ice crystals due to 
the small dimension of the ice crystals. However, the entrainment of individual 
contaminants, salt ions into the ice phase has been well known due to several factors 
which is indicated by the reduction in efficiency of separation (Gao et al. 2004). Thus, 
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fresh water production by partial freezing process was found essential to study. In this 
thesis, separation efficiencies of Cr(VI) and F- were evaluated through partial freezing. 
Partial freezing could be mainly controlled by the freezing rate or using the product 
meltwater amount/degree of crystallization (Badawy 2015), being the latter preferred 
to use in our experiment although freeze duration has been reported along with 
fraction of meltwater produced. The preference to fraction of meltwater produced over 
freeze duration to determine partial freezing is based on the fact that freeze 
desalination can be affected by the type of appliance, where the freezer is located and 
other related parameters which could be a factor in freezing. The separation efficiency 
and freezing rate were expressed as in Eq. 8.1 & 8. (Gao et al. 2004; Yang et al. 2017).   
η = (1 −
𝐶𝑠𝑉𝑠
𝐶𝑜 𝑉𝑜




] × 100                                                                                                     (8.2) 
Where Cs and Vs are solute concentration and the volume of meltwater, and Co and 
Vo are the initial concentration and the total volume initial employed solution, 
respectively. 
The freeze separation efficiency calculated as in Eq. 8.1, is presented in Table 8.1. It 
was shown that both ions Cr(VI) and F- reduced to below the MCL set according to 
WHO from 0.5 mg/L and 3 mg/L concentrations of aqueous solutions, respectively. In 
case of F-, the removal efficiency is lower hence it requires more than one freezing 
cycle to bring the concentration of fluoride in the meltwater suitable for drinking, from 
commonly reported concentrations of F-, 10 mg/L especially in the rift valley areas of 
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Ethiopia. In fact, if more than one freezing-melting cycle is used to treat water in freeze 
desalination, large water rejection would occur. 
Table 8.1 Freeze efficiency evaluation for Cr(VI) and F- at freeze temperature of 









MCL by WHO 
(mg/L) 





10 4.8  
76% 
 25  
5 2.6 1.5 25 
3 1.3  25 
Cr(VI)  0.5 0.05 85% 0.05 250  
 
In freeze desalting, fluoride separation efficiency from tap water was found to be 48% 
retaining about 76% meltwater at conditions of: freeze temperature 249.15 K, initial 
fluoride concentration 10 mg/L F- and 50 mL solutions. Whereas the separation 
efficiency of Cr(VI) was also found in the range 57.4-80% when simulated tap water 
spiked with 5 mg/L Cr(VI) was employed with similar experimental conditions, except 
the initial volume and initial concentration. This two presented cases were apparently 
to show the removal efficiency scenarios in real water conditions. The reasons behind 
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differences in their separation efficiencies of both ions were well explained in chapter 
2 & 3. That is, hydrated radius, energy of hydration, and other factors like washing 
step in separation efficiency of Cr(VI) and F- are among the reasons of variation. The 
hydrated radius of ions is dependent on many factors such as the charge of the ion, 
ion-water interaction potential, and coordination of ions with water (Hummer et al. 
1996; Lu and Xu 2010; Mahdavi et al. 2011). Essentially, the Pauling radius of ions 
influences the strength of hydration. Consequently, the lower the hydration strength of 
ions, the higher the percentage removal through freeze desalination (Kang et al., 2014; 
2016; Tansel 2012).  
In general, in freeze desalination sections of the thesis, the main challenge was that 
the concentrated individual ions during freezing were surrounded by the ice crystals, 
i.e. concentrated ions engulfed within the ice cage. This could be by the reason that 
ice nucleation starts in the surface of the container. As a result, ice washing became 
more difficult in freeze desalination process.  
8.2.1 Effect of freeze duration 
When freeze duration increases for a given volume of solution at a specified 
temperature, the ice crystal size increases. To a certain extent, relative to the volume 
of water remained unfrozen, freeze separation effeciency increases as the ice crystal 
size increases (e.g., chapter two, Fig. 2.2). We have also observed that longer freeze 
duration provide advantages by changing the ice morphology giving more stability 
which creates favorable conditions for ice crystal washing. However, the purity of 
produced ice could decrease when the volume of liquid water unfrozen is getting very 
low. This is due to the fact that regular contact between the liquid and solid phases 
would be impossible to maintain, if the residual liquid volume is becoming too small 
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(Erlbeck et al. 2017). In relation to this, the influence of container’s angle and surface 
roughness were reported in literatures (Hao 2014; Mtombeni et al. 2013). Therefore, 
it is essential to obtain an optimal freeze duration combining both high water recovery 
from melted ice and fresh water production of sufficiently high quality. In our 
experimental data, Cr(VI) and F- ion inclusion into the ice phase was enhanced at 
longer freeze duration relative to the volume of the solution.  
8.2.2 Salinity Effects 
The influence of individual ion concentration and multi-ion occurrence upon freeze 
desalination was evaluated for both Cr(VI) and F- ions. In the presence of multiple ions 
(i.e. using simulated water spiked with Cr(VI) or F-), the removal percentage 
significantly reduced compared to aqueous solutions containing each individual ion 
alone under similar operational conditions. For instance, freeze removal efficiency of 
5 mg/L Cr(VI) was found in the range 93-97%, however, in the simulated water spiked 
with 5 mg/L Cr(VI), separation efficiency was found to be in the range  57.4 to 80%. 
Other ions in the simulated water have also shown reductions in their concentration in 
the meltwater when removing targeted ions (as detailed in chapter two). In general, 
this study confirmed that separation of Cr(VI) and F- to produce clean water by partial 
freezing is a feasible technique, revealing small water rejection and relatively high 
removal efficiency.  
Freeze desalination can be combined with adsorption, in cases when several cycles 
of freeze desalination would otherwise be required. The effort to combine freeze-
melting with other desalination techniques, as hybrid technology has been given 
attention recently to save energy and costs. Hybrid approaches could act in synergy 
to provide promising features to the desalination process. One such example was the 
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combined use of reverse osmosis and direct contact freezing techniques with  solar 
evaporator to remove brine from seawater desalination plants (Rahman et al. 2007). 
Experimental results in a pilot scale suspension crystallization also indicated that 
hybrid RO-Freeze plant been significantly increased the drinking water recovery by 
about 400% as compared to RO alone (Ahmad et al. 2017). Moreover, a hybrid method 
using a freezing and membrane desalination process, has showed energy savings of 
about 25%, compared to RO desalination (Baayyad et al. 2015). The combination of 
freezing processes and other desalination processes can reduce the rejected brine 
from desalination. With such hybride processes energy and operational cost reduction 
has been indicated (Ghalavand et al. 2015).  
In this thesis, freeze desalination and adsorption processes were separately carried 
out to treat trace elements, foreseeing the possibility to integrate freezing and 
adsorption into a hybrid process when the initial concentration of contaminants in 
water sources is relatively high. If trace elements in water/wastewater are separated 
by freeze desalination once, low concentrations left unremoved may be treated using 
an adsorption process. However, a hybrid process combining freeze desalination with 
adsorption remains to be further investigated in the future.  
8.3 Energy efficiency insights of desalination methods 
The cost of desalination technologies depends mainly on the type of processes 
involved, like crystallization or thermal processes, and also on parameters such as 
plant capacity, performance ratio, energy consumption, feed water quality, plant life, 
and investment assets (Ghalavand et al. 2014). In comparison to heating processes 
(e.g., distillation), where the heat of evaporation is nearly seven times larger than that 
of fusion of ice, freeze desalination saves nearly 70% energy. Nowadays, freeze 
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desalination is becoming much more attractive due to the possibilities to use 
renewable resources. Compression work is a major cost parameter in freezing, and 
using renewable forces can make the technology cost-efficient and environment-
friendly (Rahman et al. 2006). Water treatment methods including reverse osmosis, 
ion exchange, and electrolysis are costly technologies having a treatment cost of 10–
450 US$ per million liter. The cost of treating water by adsorption varies from 10 to 
200 US$ per million liters (Ali & Gupta 2006). Energy consumption and total cost of 
large scale commercial desalination technologies have been presented in detail in 
section 3.3.3, Table 3.4. 
8.4  Adsorption processes for trace element removal 
Several trace elements, such as arsenic, cadmium, chromium and fluoride, are 
frequently found at elevated concentrations in groundwater and wastewaters in 
Ethiopia, where they exceed the standards and can have a negative impact on human 
health. In this study, batch experiments were conducted to test minerals which are 
locally abundant in Ethiopia for their potential to remove these trace elements from 
water. Adsorption is evolving as a useful method for removal of trace elements. The 
match in the adsorbent-adsorbate affinity selected is essential for an efficient 
adsorption process. For instance, alumina and Iron-based adsorbents were more 
popularly used for high affinity of arsenate (V) and arsenite (III) (Mohan & Pittman 
2007).  
Nowadays considerable attention has been directed towards naturally occurring and 
abundantly available adsorbents as replacement for high-performing adsorbents 
which are used in industrialized countries, but have a high cost and are not easily 
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available in developing countries (e.g., activated carbon). This will further be 
applicable if the adsorbents are wisely selected and solution pH monitored.  
8.4.1 Physicochemical characterization of adsorbents 
Adsorbents (Qz, STI, and STL) used in this study were collected from Hashengie, 
Ethiopia. They were characterized using powder XRD for mineral phase identification 
and elemental composition using ICP-OES. The XRD patterns in combination with 
total elemental analysis were used to reveal the identity of each mineral present in the 
sample as quartz tuff (Qz), stilbite tuff (STI), and stellerite tuff (STL). The STI elemental 
composition was shown comparable with results obtained by Gómez-Hortigüela et al. 
(2014). Zeolitic tuffs, most often contain 50–95% of one or more zeolites which may 
co-exist with unreacted volcanic glasses. It can also contain other mineral phases such 
as calcite, quartz, K-feldspar, and gypsum (Mumpton 1999). Tuff is a general name 
representing consolidated pyroclastic rocks, transformation of such rocks, e.g., 
volcanic glasses, in reaction with water can form zeolites. 
When investigating the applicability of quartz tuff as adsorbent, the possibility of 
leaching of the adsorbent constituent elements was studied, i.e. whether they release 
their own elements to the solution during adsorption. Concentrations (in mg/L) of Fe 
1.925, Mn 0.190, Ni 0.0104, Pb 0.0178, and Zn 0.0139 were detected in the liquid 
phase. Other elements such as Al, Si, Cd, Cr, Cu, and Co were found below the 
method detection limit of ICP-OES used for determination. All elemental 
concentrations in solution, after adsorption, were found below the MCL values for 
drinking water recommended by WHO. The residual concentrations of constituent 
elements with other adsorbents, STI and STL were found even below the recorded 
values in case of leachates from Qz. In general, technical applicability, high capacity, 
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selectivity, compatibility, kinetics, sorbent regeneration, product purities, mechanical 
integrity, and cost-effectiveness are the key factors that play major roles in the 
selection of most suitable adsorbents to treat inorganic effluents (Babel and Kurniawan 
2003; Kurniawan et al. 2006). Most of the basic features of the adsorbents tested in 
our study are well within the basic criteria of adsorbents for use as filter media. 
8.4.2 Adsorption kinetics 
The study of adsorption kinetics is essential to describe adsorption rate which in turn 
controls the residence time of sorbates at the solid–solution interface. It is also 
important to provide valuable insights into the underlying adsorption mechanism and 
to design a continuous system (Ali & Gupta 2006). In this study, a separate set of 
batch experiments was conducted to determine the equilibrium time of As(III &V), 
Cd(II), and Cr(VI) under specified experimental conditions. Equilibrium times for each 
of the studied ions were found to be 24, 2, and 18 h for As(III & V), Cd(II), and Cr(VI), 
respectively. Similar adsorption behavior was observed for As (III&V) and Cr(VI) using 
Qz adsorbent, i.e. a fast uptake rate in the first few hours (0.25 to 8 h) followed by slow 
uptake rate until equilibrium. This could be attributed to the availability of a larger 
number of active sites at initial stages of the adsorption process. In addition, the 
adsorption rate might be influenced by the nature of adsorbents and the adsorbates. 
Cd(II) adsorption rate was relatively faster with a different adsorbent, STI.  
8.4.3 Effect of solution pH and Pzc 
The Pzc of Qz, STI, and STL adsorbents were found to be 7.38, 6.99 and 6.89, 
respectively. The effective point of zero charge values of solid matrices differs from 
the reported values of pure oxide minerals (Taubaso et al. 2004). Previous study 
(Daković et al. 2010) found that the Pzc of natural zeolitic tuff from Zlatokop deposit 
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(Vranjska banja, Serbia), primarily clinoptilolite (~ 85%) with small amounts of feldspar, 
quartz, and pyrite, was found to be 6.8 ± 0.1.  
The studied adsorbents, particularly, Qz and STL demonstrated considerable 
buffering capacity, which could be the reason for an alleged adsorption efficiency at 
wider range of initial solution pHs for As(III, V). We have observed that the buffering 
capacities of adsorbents were dependent on the kind of anions that were sorbed. For 
instance, Qz demonstrated high buffering capacity by keeping the equilibrium pH (pH 
final) nearly constant between 5.60 to 6.05 for As(III,V) from an initial pH of 3.00 and/or 
3.50. However, Qz didn’t bring the initial pH of 3.00 to higher pH values at equilibrium 
during Cr(VI) adsorption. STL showed lesser buffering capacity compared to Qz, 
apparently, leading to enhanced adsorption capacity of Qz over STL during As(III,V) 
uptake. Due to the buffering capacity of the adsorbents, the increase in pH could be 
achieved automatically neutralizing acidic solutions, without the need for addition of 
bases, and the decrease in pH was recorded when the initial pH was higher than the 
Pzc. Such adsorbents could represent interesting alternative filter media in real 
applications. The study by Hongo et al. (2010) explained the effectiveness of pH 
buffering capacity of zinc hydroxy salts for chromate adsorption. These salts bring pH 
levels to 6.1 (zinc hydroxychloride), 7.2 (zinc hydroxynitrate), and 7.6 (zinc 
hydroxysulfate) from the initial pH of 3 to 10. Nepheline syenite dust (anhydrous 
sodium potassium alumino silicate) for copper adsorption and the use of silicate 
minerals for pH control of ground waters have previously shown to possess superior 
buffering capacities (Kleiv and Sandvik 2000; Lacroix et al. 2014).  
The strong pH dependence of adsorption is well known in trace element removal, and 
extensive studies on wide ranges of adsorbents have shown significant differences in 
170 
 
adsorption. In this study, adsorbents Qz and STL removed As(III,V) effectively over 
the initial pH range of 3-6. Cr(VI) removal was effective at pH ≤ 3.00 using Qz. The 
effective removal of these oxyanions of As(III,V) and Cr(VI) under acidic conditions 
could be due to strong affinity of oxyanions to the cationic surface of the adsorbents 
at points less than Pzc (Xu et al. 2002). At lower pH ranges, the surface of the 
adsorbents exhibits positive charges, which leads to strong coulombic attraction of 
adsorbate, enhancing adsorption of oxyanions. In line with the pH effect study, 
understanding the occurrence of each ion in the solution has paramount importance. 
The major part of As(V) forms was found to be H2AsO4- at pH 3.50 (working pH) as 
predicted by visual MINTIQ 3.1. Previously reported literatures also explained the 
different oxyanions of As(V) at different pH values as: H2AsO4- in pH 2-7, HAsO42- in 
pH 7-12, and AsO43- in 12-14 (Chutia et al. 2009a; Shevade and Ford 2004). The 
removal of oxyanions from aqueous solutions depends strongly on the pH of the 
solution, which affects the surface charge of the sorbent and determines the speciation 
of the studied element. Remarkably, the responsible mechanism of As(V) removal was 
supposed to be affected by the process by which final pH of the solution from the initial 
set was due in effect. This was most likely a result of the formation of favorable surface 
charges onto short-range ordered and hydrous oxides of iron, silicon, and aluminum 
groups of Qz and STL tuffs. The stated mechanism of sorption was in agreement with 
the results of sequential extraction of As(V) in case of Qz (Fig. 4.7). Sequential 
extractions of As(III) and As(V) from pre-loaded Qz showed that As is primarily present 
in the NH4-oxalate buffer extractable fraction which is  60% and 65.52%, respectively. 
This indicated that As(III,V) sorption mechanism could be a specific sorption to short-
range ordered hydrous oxides of iron and aluminum. Similar observations were 
reported with adsorbents containing aluminum and iron oxides. As(V) adsorption onto 
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Fe(III)-zeolite was effective due to the suggested mechanism of Lewis acid sites 
(zeolite–Fe–OH) versus arsenate ions acting as a Lewis base (Baskan & Pala 2011; 
Li et al. 2011). As(V) adsorption with ligand exchange and inner-sphere complexation 
reaction mechanisms were shown commonly with Fe and Al oxide/hydroxide 
containing adsorbents (Chutia et al. 2009b; Fufa 2014; Kim et al. 2014; Wenzel et al. 
2001). 
 In aqueous solutions, Cr(VI) mainly occurs in the form of chromic acid (H2CrO4) in 
very acidic conditions, and in the form of HCrO4− when the pH is in the range of 1-6. 
When the pH is above 7, CrO42- ions are common regardless of concentration (Kotaś 
& Stasicka 2000). In the acidic pH range, these oxyanions would have high affinity for 
hydronium ions found on the surface of the adsorbents and the adsorbents’ cationic 
surface charges through electrostatic interactions. At pH ≥ PZC, electrostatic repulsion 
of negatively surface charges and the potential competition of hydroxyl ions with 
oxyanions of Cr(VI) showed a reduction in removal efficiency. It has been evidenced 
that Fe and Al (hydr)oxide bearing adsorbents are efficient in Cr(VI) removal (Ajouyed 
et al. 2010; Katsoyiannis & Zouboulis 2004).  
The pH dependence of metallic ions like Cd(II) adsorption is due to the competition for 
surface sites between these cations and hydrogen ions at lower pH values. To achieve 
optimal adsorption, it is often essential to increase the pH of solutions. At basic pH, 
metals tend to precipitate depending on the solubility of metal oxides or hydroxides, 
showing simultaneous precipitation when the solution is getting more basic (Kulkarni 
et al. 2013). At acidic pH, mainly at pH < Pzc, the adsorbent remains positively charged 
and the sorption capacity was relatively low because of the repulsion force and 
presence of competing hydronium ions. When the pH increases to basic conditions, 
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the adsorbent surfaces become negatively charged which enhances adsorption of 
Cd(II) by creating coulombic attraction of cations onto STI.  
8.4.4 Effect of initial concentration in adsorption 
Experiments investigating the effect of initial concentrations are applied to determine 
the adsorption capacity of the adsorbents, which represents the amounts of 
adsorbate(s) sorbed per unit mass of adsorbent. Adsorption isotherm models were 
performed to assess the adsorption capacities. Initial concentration effects of As(III,V), 
Cd(II), and Cr(VI) on the adsorption capacities of Qz, STI, and STL adsorbents were 
evaluated. When the concentrations of adsorbate increase at fixed adsorbent’s dose, 
the adsorption capacity increases until the adsorbent acquired its maximum adsorption 
capacity. In general, for Qz the maximum adsorption capacities at optimal sorption 
conditions decreased in the order 0.42 g/kg As(V) > 0.316 g/kg As(III) > 0.146 g/kg 
Cr(VI). Furthermore, 0.609 g/kg Cd(II) maximum adsorption capacity was obtained for 
STI.   
Column adsorption studies focused on studied ions should be conducted using 
sorbents and conditions selected from the previous experiments. Adsorption isotherm 
data obtained in the batch experiments do not give sufficient information on the 
potential for scale-up of the technology. Consequently, it is necessary to carry out 
fixed-bed continuous flow experiments aimed at obtaining design models. The 
influence of important parameters like initial feed ion concentration, flow rate and bed 





8.5  Strength of the study 
The potential to use naturally abundant and low-cost minerals as effective adsorbents 
for As(III, V), Cr(VI), and Cd(II) removal on one hand, and the promising removal 
efficienies of freeze desalination for Cr(VI) and F- on the other hand were found 
encouraging. The application of freezing-melting for trace element removal was novel, 
and also particularly posseses promising features due to the potential use of 
renewable resources for driving the process. The potential opportunities to use both 
methods (freezing and adsorption) as hybrid technique which can work even for 
relatively wide concentrations of ions were another important feature of this work. 
8.6 Overall challenges and limitations 
The following challenges and limitations were faced during this work 
 Lack of access to materials and analytical instruments for arsenic analysis 
in Ethiopia 
 Freeze desalination tests being conducted slightly in different conditions 
such as volume used and the material inserted to despense the unfrozen 
liquid. This might lay uncertainities in comparing the efficency of freeze 
separation on both ions (Cr(VI) and F-)  
 Unablity to adress all trace elements selected to the required depth, for both 
freeze desalination and adsorption techniques. 








Chapter Nine: Conclusions and Future Prospects 
9.1 Conclusion 
Minerals, quartz tuff and zeolite tuff from Hashengie, Ethiopia were shown effective in 
removing trace elements (As, Cd, and Cr) in a batch setup due to their minerological 
composition being suitable for this purpose. In this thesis, the following important 
aspects were concluded: 
 Adsorption capacities of the studied adsorbents were found relatively higher, 
leading the promising nature of the adsorbents 
 The adsorbents used (Qz and STL) posses high buffering capacities which offer 
advantages for enhanced removal and are considered to be an asset for these 
adsorbents in real applications.  
 It was also found that the buffering capacities vary with the adsorbent-
adsorbate interactions 
 The studied adsorbates (As(III,V), Cd(II), and Cr(VI)) were suggested to be 
specifically sorbed onto the adsorbents 
Furthermore, we confirmed that freeze desalination works well for a wide range of 
concentrations of Cr(VI) and F-. Cr(VI) ion removal was found more efficient than F-, 
which could be due to their differences in hydrated radius, and feasibility in washing 
steps for Cr(VI). Experimental results illustrated that the use of rough surface plastics 
and difference in volume/angle of container were found among the important 
parameters in freeze desalination. Presence of multi-ions in the solution enhances the 




9.2 Future prospects 
In this thesis, besides the achievements found, there are still areas to be investigated 
before being able to apply these methods: 
 Column studies should be set up to study the removal of As(III,V), Cr(VI), and 
Cd(II) using the studied adsorbents in continuous flow conditions 
 In-depth characterization of the adsorbents like determination of oxides 
amounts of the adsorbents using XRF and morphology study is needed 
 Fluoride removal efficiency should be enhanced, e.g. by adding complexing 
agents  
 A continuous process laboratory-scale system and pilot-scale system for freeze 
desalination studies should be set up 
 Hybrid methods combining freeze desalination with adsorption should be set 
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